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Biomechanical factors in the pathophysiology and clinical fea-
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Abstract: Wilkie syndrome, also known as Superior Mesenteric Artery Syndrome (SMAS), is a rare 

vascular compression disorder caused by the mechanical obstruction of the third portion of the du-

odenum between the abdominal aorta and the superior mesenteric artery (SMA). This review ex-

amines the specific biomechanical factors driving the pathophysiology of SMAS , including the crit-

ical reduction of the aortomesenteric angle and distance, the depletion of the retroperitoneal fat pad, 

and the influence of spinal deformities such as lumbar lordosis and scoliosis. Furthermore, it high-

lights the emerging clinical association between SMAS and heritable connective tissue disorders, 

specifically Ehlers-Danlos Syndrome (EDS) and Hypermobility Spectrum Disorders (HSD). In these 

patients, ligamentous laxity and visceroptosis contribute to altered anatomical relationships, pr e-

disposing them to vascular compression. A thorough understanding of these biomechanical princi-

ples is vital for timely diagnosis and effective management.  

Keywords: Wilkie syndrome; Superior Mesenteric Artery Syndrome; biomechanics; aortomesen-

teric angle; Ehlers-Danlos syndrome; visceroptosis 

 

1. Introduction  

Wilkie syndrome, clinically designated as Superior Mesenteric Artery Syndrome 

(SMAS), is a rare but serious form of upper gastrointestinal obstruction caused by the 

compression of the third portion of the duodenum. First described comprehensively by 

Sir David Wilkie in 1927, the condition involves a mechanical entrapment of the duode-

num within the "nutcracker" formed by the abdominal aorta (AA) posteriorly and the su-

perior mesenteric artery (SMA) anteriorly [1], [2]. 

While historically associated almost exclusively with rapid weight loss and the loss 

of the mesenteric fat pad, recent research has elucidated a more complex biomechanical 

etiology. Anatomical variations, spinal deformities, and heritable connective tissue  disor-

ders (HCTD) such as Ehlers-Danlos Syndrome (EDS) and Hypermobility Spectrum Dis-

orders (HSD) play significant roles in its pathogenesis [3], [4], [5], [6]. The clinical presen-

tation typically follows a triad of postprandial epigastric pain, bilious emesis, and pro-

gressive weight loss, establishing a pathophysiological feedback loop where malnutrition 

further diminishes the protective retroperitoneal fat., cre ating a self-perpetuating cycle of 

malnutrition that further exacerbates the biomechanical compression [2], [7]. This review 

analyzes the quantitative biomechanical factors and pathophysiological mechanisms un-

derlying this syndrome.  
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2. Biomechanical pathophysiology  

The pathophysiology of Wilkie syndrome is fundamentally a problem of geometry 

and mechanics within the retroperitoneal space. The third (horizontal) part of the duode-

num passes between the aorta and the SMA at the level of the L3 vertebra. In healthy 

indiv iduals, this passage is maintained by a cushion of retroperitoneal adipose tissue and 

the natural angle of the SMA takeoff [2], [7]. 

2.1. Quantitative Biomechanics: Angles and Distances 

The diagnosis of SMAS relies on specific radiographic measurements obtained via 

Computed Tomography Angiography (CTA) and upper GI barium swallow study [8], [9]. 

Aortomesenteric Angle (AMA):  In a healthy population, the SMA originates from the aorta 

ÈÛɯÈÕɯÈÕÎÓÌɯÉÌÛÞÌÌÕɯƖƔȘɯÈÕËɯƛƔȘȭɯ(Õɯ×ÈÛÐÌÕÛÚɯÞÐÛÏɯ6ÐÓÒÐÌɯÚàÕËÙÖÔÌȮɯÛÏÐÚɯÈÕÎÓÌɯÐÚɯÊÙÐÛÐÊÈÓÓàɯ

ÙÌËÜÊÌËȮɯÛà×ÐÊÈÓÓàɯÍÈÓÓÐÕÎɯÉÌÓÖÞɯƖƔȘɯ[8], [10]. Figure.1 

Aortomesenteric Distance (AMD):  The normal distance between the aorta and the SMA 

at the level of the duodenum ranges from 10 to 28 mm. In SMAS, this distance is patho-

logically narrowed to less than 10 mm, resulting in the mechanical sequestration of the 

duodenal lumen, thereby impeding  the bolus transition [8], [10].Figure.2 

While the diagnostic thresholds of an AMA < 20 and AMD < 10 are widely accepted, 

a critical analysis of current literature suggests these metrics should not be interpreted in 

isolation. Ozkurt et al. [10] demonstrated that while these measurements correlate with 

BMI, they do not always correlate with symptom severity. In the context of heritable con-

nective tissue disorders (HCTD), patients may present with 'borderline' measurements 

(e.g., an angle of 22 - 25) yet suffer from severe obstruction due to the dynamic nature of 

visceroptosis. This suggests that static CT imagingɭoften performed in the supine posi-

tionɭmay underestimate the degree of compression occurring when the patient is up-

right or symptomatic."  

  

Figure 1. Comparison of normal vs. SMAS aortomesenteric angles; CT in sagittal view showing a 

reduced aortomesenteric angle in SMAS patient (own source) 

AA - abdominal aorta, SMA - superior mesenteric artery 
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Figure 2. Comparison of normal vs. SMAS aortomesenteric distance; CT in axial view showing a 

reduced aortomesenteric distance in SMAS patient (own source) 

AA - abdominal aorta, SMA - superior mesenteric artery 

2.2. Dynamic Biomechanics 

Upper GI barium swallow study represents an equally important diagnostic tool in 

Wilkie syndrome because it captures duodenal obstruction dynamically and in real time. 

During fluoroscopy, diluted barium is swallowed and its passage through the stomach 

and duodenum is continuously observed, typically demonstrating dilatation of the first 

ÈÕËɯÚÌÊÖÕËɯ×ÈÙÛÚɯÖÍɯÛÏÌɯËÜÖËÌÕÜÔɯÈÕËɯÈÕɯÈÉÙÜ×ÛɯÊÜÛɪÖÍÍɯÐÕɯÛÏÌɯÛÏÐÙËɯ×ÈÙÛȮɯÖÍÛÌÕɯÞÐÛÏɯ

ÈÕÛÐ×ÌÙÐÚÛÈÓÛÐÊɯɁÛÖɪÈÕËɪÍÙÖÔɂɯÔÖÝÌÔÌÕÛɯ×ÙÖßÐÔÈÓɯÛÖɯÛÏÌɯÖÉÚÛÙÜÊÛÐÖÕɯ[8], [9]. Positional 

maneuvers (supine, prone, left lateral decubitus, knee-elbow) can be performed during 

the examination, allowing direct visualization of how changes in posture widen the aorto-

mesenteric angle, improve emptying, or relieve the obstruction, which  provides func-

tional confirmation of the biomechanical nature of the compression [9]. 

2.3. The Role of the Retroperitoneal Fat Pad 

The most common biomechanical trigger for SMAS is the depletion of the mesenteric 

fat pad that normally elevates the SMA away from the aorta [1]. Rapid and severe weight 

loss, due to eating disorders, catabolic states (e.g., burns, trauma), or malignancy, reduces 

this adipose cushion, causing the SMA to collapse posteriorly toward the spine. This cre-

ates a vicious cycle: compression causes vomiting and inability to eat, leading to further 

weight loss and tightening of the vascular clamp [2]. 

2.4. Spinal and Anatomical Factors 

Biomechanical compression is frequently exacerbated by skeletal abnormalities. Ex-

aggerated anterior curvature (lordosis) of the lumbar spine pushes the aorta and vertebral 

column anteriorly, narrowing the space available for the duodenum [8]. SMAS is a recog-

nized complication of scoliosis surgery. Corrective lengthening of the spine can increase 

longitudinal tension on the mesentery, biomechanically stretching the SMA and narrow-

ing the aortomesenteric angle [2]. Finally, some anatomical variations, such as a low origin 

of the SMA or a high insertion of the Ligament of Treitz (suspensory ligament of the du-

odenum) can anatomically elevate the duodenum into the apex of the aortomesenteric 

angle, predisposing the patient to obstruction [2], [8]. 

 

3. The Connective Tissue Disorder Connection  

An increasing body of literature supports a strong association between Wilkie syn-

drome and heritable connective tissue disorders, particularly Ehlers -Danlos Syndrome 

(EDS) and Hypermobility Spectrum Disorders (HSD) [3], [4], [5], [6]. The biomechanical 

link in these patients is distinct from simple weight loss. The primary mechanism is vis-

ceroptosis (ptosis of the abdominal organs) caused by generalized ligamentous laxity and 

collagen defects [8], [11]. The Ligament of Treitz and other mesenteric supports may be 
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lax, allowing the duodenum to descend or hang loosely. The visceral geometry is altered. 

As abdominal organs droop (enteroptosis), they exert traction on the mesentery, pulling 

the SMA taut and narrowing the angle regardless of the patient's BMI [11]. Finally, pa-

tients with EDS frequently present with multiple vascular compressions (e.g., co -occur-

ring Nutcracker Syndrome) due to this generalized tissue fragility and vascular mobility 

[3], [4], [5], [6]. 

4. Clinical Features  

The clinical presentation of Wilkie syndrome is a direct consequence of the biome-

chanical obstruction. The classic triad consists of postprandial epigastric pain (often se-

vere and cramping), bilious vomiting, and weight loss. Patients often report "early s atiety" 

or a sensation of food "getting stuck" [1], [7]. A hallmark clinical feature is the relief of 

symptoms with specific changes in posture. The knee-chest position or lying in the left 

lateral decubitus position can biomechanically open the aortomesenteric angle by allow-

ing gravity to pull the SMA and vi sceral fat pad anteriorly, temporarily relieving the ob-

struction. Conversely, the supine position often exacerbates symptoms [2], [9]. While 

acute cases may present with complete obstruction and electrolyte imbalance, chronic 

cases (common in EDS) present with long-standing, vague abdominal pain and "failure to 

thrive," often leading to misdiagnosis as functional dyspepsia or psychogen ic eating dis-

orders [7], [8].  

5. Proposed Clinical Management Algorithm  

To improve diagnostic accuracy and therapeutic outcomes, a structured approach is 

required. This algorithm emphasizes the distinction between simple malnutrition -in-

duced SMAS and the complex biomechanical factors seen in HCTD/EDS patients. 

Step 1: Clinical and Phenotypic Screening 

Symptom Review: Evaluate for the "Wilkie Triad" (postprandial pain, bilious vomiting, 

weight loss). 

Positional Relief: Document if symptoms improve in the left lateral decubitus or knee -

chest position (pathognomonic for SMAS).  

Phenotypic Assessment: Screen for generalized ligamentous laxity using the Beighton 

Score. Patients with EDS/HSD may present with visceroptosis-driven compression even 

without significant weight loss.  

Step 2: Multimodal Imaging (The "Critical" Gap)  

Radiological findings must be correlated with clinical symptoms, as static measurements 

can be misleading. 

CTA/MRA (Supine): Measure the Aortomesenteric Angle (AMA) and Distance (AMD).  

Critical Note: A "normal" angle (>25^ \ circ) on a supine CT does not rule out SMAS in 

hypermobile patients whose anatomy shifts upon standing (orthostatic visceroptosis).  

Dynamic Barium Swallow: The gold standard for functional confirmation. Look for:  

Dilatation of the proximal duodenum.  

Abrupt "cutoff" at the third portion.  

"To-and-fro" antiperistalsis (chyme struggling to pass the vascular clamp). 

Step 3: Therapeutic Hierarchy 

Management should follow a stepwise progression from conservative to surgical inter-

vention.  



Novus Scientia 2026  
 

12 

6. Conclusions 

Wilkie syndrome is not merely a consequence of weight loss, but a multi -factorial 

biomechanical failure. The traditional 'nutcracker' mechanism is often exacerbated by 

skeletal variables (lordosis) or the ligamentous laxity inherent in Ehlers -Danlos Syn-

drome. Future clinical practice should adopt a position -dependent diagnostic approach, 

particularly in hypermobile populations, to ensure that transient mechanical obstructions 

are not overlooked by static imaging.  
While the literature consistently cites an AMA <20 as diagnostic, this review highlights a critical 

"grey zone." In patients with Ehlers -Danlos Syndrome, the pathophysiology is driven by viscerop-

tosis (the "mesenteric sink" effect). As abdominal organs descend, they exert downward traction on 

the SMA, narrowing the angle dynamically. Consequently, these patients may fail conservative nu-

tritional therapy because the underlying issue is ligamentous laxity rather than a simple loss of ad-

ipose tissue. Clinicians must maintain a high index of suspicion in "thin but stable" hypermobile 

patients who do not fit the classic rapid -weight -loss profile. 

Wilkie syndrome remains a diagnosis of "mechanical exclusion." By understanding the quantitative 

biomechanicsɭspecifically the interaction between the SMA, the aorta, and the suspensory liga-

ment of Treitzɭclinicians can move beyond symptomatic management toward targeted anatomical 

correction. The emerging link with Ehlers -Danlos Syndrome necessitates a paradigm shift in how 

we interpret "normal" vascular angles in hypermobile populations.  
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Abstract: Industrialization, transport, urbanization, agriculture, fires, desert dust and poor waste 

management have intensified health risks and environmental pollution. Due to rapid urbanization 

and motorization in many cities, transport (especially road transport ) is a growing and major source 

of air pollutants. In OECD countries, road transport accounts for around 50 % of the cost of air 

pollution (OECD, 2014). In addition to general air pollutants, transport also releases CO 2 and short-

lived climate pollutants (SLCPs) such as black carbon particles and methane, contributing to short- 

and long-term climate change and the deterioration of local air quality.  

Keywords: transport; particulate emissions; wear of tires; brakes; roads 

 

1. Introduction  

The dust and aerosol particles (PM) are considered one of the major risk factors for 

adverse health effects and premature deaths worldwide. Human exposure to PM (espe-

cially the fine fraction) is associated with worsening allergies, respiratory, cardiovascu lar, 

eye problems and even cerebrovascular diseases. Particles may be directly emitted into 

the environment as primary aerosols or formed in the atmosphere through gas -to-particle 

conversion processes, i.e., as secondary aerosols transported by wind and produced by 

photochemical processes.  

This paper synthesizes the current state of knowledge on the nature, causes, and con-

sequences of emitted and ambient solid aerosol particles originating from tyre wear, brake 

wear, road surface abrasion, and road dust resuspension. It also simulates how emissions 

of solid aerosol particles from non -exhaust sources will evolve in the coming years and 

identifies existing technological and policy measures to mitigate these emissions and im-

missions. 

2. Classification of Particulate Matter (PM)  

The despite all implemented and ongoing measures, pollution remains a major global 

problem, as the transport sector is expected to experience an increase in emissions in the 

coming years. Companies and policymakers face growing pressure to reduce the impact 

of their logistics activities and achieve more environmentally sustainable transport.  

As part of the Zero Pollution Action Plan within the European Green Deal, the Euro-

pean Commission has set a target to reduce the number of premature deaths caused by 

fine particles (PM 2.5) by at least 55 % by 2030 compared to 2005 levels. To achieve this, the 

EC aims to align air quality standards with the recommendations of the World Health 

Organization (WHO), which are stricter than current EU limits.  

Despite reductions in emissions from various sources, in 2021 up to 97 % of EU urban 

residents were exposed to PM2.5 ÓÌÝÌÓÚɯÌßÊÌÌËÐÕÎɯÛÏÌɯ6'.ɯÈÕÕÜÈÓɯÓÐÔÐÛɯȹƙɯϟÎɤÔƵȺȭɯ%ÖÙɯ
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PM10ȮɯƛƕɯǔɯÖÍɯÙÌÚÐËÌÕÛÚɯÞÌÙÌɯÌß×ÖÚÌËɯÛÖɯÝÈÓÜÌÚɯÈÉÖÝÌɯÛÏÌɯ6'.ɯÈÕÕÜÈÓɯÓÐÔÐÛɯȹƕƙɯϟÎɤÔƵȺȭɯ

[1, 2] 

Particulate Matter (PM ) is a mixture of microscopic solid and liquid particles dis-

persed in the air. These particles may originate: 

¶ from natural sources  ɬ e.g., dust, pollen, sea salt, 

¶ from human activities  ɬ e.g., fuel combustion, transport, industrial processes, tyre 

and brake wear. 

PM particles are hazardous because they can be inhaled and, depending on their 

size, penetrate deep into the lungs or even enter the bloodstream, negatively affecting hu-

man health and the environment.  

PM is most often divided according to the aerodynamic diameter of the particles : 

¶ PM 10 ɬ ×ÈÙÛÐÊÓÌÚɯȀɯƕƔɯϟÔȰɯ×ÌÕÌÛÙÈÛÌɯÛÏÌɯÜ××ÌÙɯÙÌÚ×ÐÙÈÛÖÙàɯÛÙÈÊÛȰɯÐÕÊÓÜËÌɯÙÖÈËɯËÜÚÛȮɯ

pollen, ash. 

¶ PM 2.5 ɬ ×ÈÙÛÐÊÓÌÚɯȀɯƖȭƙɯϟÔȰɯ×ÌÕÌÛÙÈÛÌɯËÌÌ×ɯÐÕÛÖɯÛÏÌɯÓÜÕÎÚɯÈÕËɯÔÈàɯÌÕÛÌÙɯÛÏÌɯÉÓÖÖËɪ

stream; contain soot, heavy metals, organic compounds; most harmful to health. 

¶ PM 1 ɬ ×ÈÙÛÐÊÓÌÚɯȀɯƕɯϟÔȰɯÔÈàɯÙÌÈÊÏɯÈÓÝÌÖÓÐɯÈÕËɯ×ÈÚÚɯÐÕÛÖɯÛÏÌɯÉÓÖÖËȭ 

¶ Ultrafine particles (UFP)  ɬ ËÐÈÔÌÛÌÙɯǾɯƔȭƕɯϟÔɯȹƕƔƔɯÕÈÕÖÔÌÛÙÌÚȺȰɯ3ÏÌàɯÈÙÌɯËÐÍÍÐÊÜÓÛɯÛÖɯ

measure, but they are extremely harmful.  

2.1. Micro-particles in Transport 

During driving, both road surfaces and tyres wear down, generating wear particles. 

The greatest abrasion occurs in winter when studded tyresɭintroduced in the 1970s to 

reduce asphalt wearɭare used. Despite this, approximately 100,000 tons of asphalt were 

worn away annually and had to be replaced. In addition to the economic cost of asphalt 

replacement, tyre and road wear produce fine PM10 particles that negatively affect health.  

Figure 1 shows a simplified representation of the dispersion of particles from tyre 

wear. 

 

Figure 1. PM particle exposure scenarios in urban environments. 

After tyre - and road-wear particles are generated, they may be dispersed into the air, 

remain on the road surface, accumulate nearby, or be transported to waterways, degrad-

ing environmental quality. Rain washes some particles into storm water drains and 

ditches, where they can settle into soil or sediments or continue toward rivers, lakes, and 

seas. When roads are wet or frozen, particles adhere to the surface and are later dried and 

re- suspended by traffic turbulence.  

The topic of nanoparticles generated by tyre wear has recently gained significant at-

tention due to uncertainties (both realistic and perceived) and is examined across several 

areas [2ɬ5]: 

¶ Physicochemical properties and risks: Tyre wear particles (TWP) form heterogeneous 

mixtures with road wear particles (TRWP) of varying shapes, sizes, surface areas, 

and chemical composition; their risk properties remain largely undetermined.  
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¶ Ɂ6ÏÈÛɯÌÕÛÌÙÚɯÐÚɯÕÖÛɯÞÏÈÛɯÊÖÔÌÚɯÖÜÛɂȯɯ-ÈÕÖÔÈÛÌÙÐÈÓÚɯÌÔÉÌËËÌËɯÐÕɯÛàÙÌɯÛÙÌÈËÚɯÈÙÌɯÕÖÛɯ

released as pure nanomaterials (MNMs) but as components of micro- and nanopar-

ticles containing both original and chemically altered substances, including nuclea-

tion particle s [2]. 

¶ Different exposure characteristics: Released TWP can affect humans and ecosystems 

directly near roads or be transported to distant terrestrial and aquatic environments.  

¶ Different roles and responsibilities: Stakeholders include automobile, rubber, and 

tyre manufacturers, drivers, road maintenance workers and their employers, road 

authorities, as well as local, national, and international bodies; roles are not clearly 

or legally defined.  

¶ Different risk management strategies: From innovative tyre designs and road engi-

neering to socio-economic measures influencing driver behavior (e.g., reducing ag-

gressive driving), speed limits, and restrictions on heavy vehicles such as SUVs [2]. 

 

TWP (Tyre Wear Particles) refers to particles that are not contaminated by road wear, 

which is the most likely form to arise in laboratory experiments (e.g. in a road simulator). 

The term TWP is also used when referring to the release of particles from tires in general 

[2 - 5]. 

TRWP (Tyre and Road Wear Particles) refers to agglomerates or aggregates of TWP 

with road wear particles. This is the most likely form to occur in the environment and is 

used in practical risk assessment [2 - 5]. 

In cities, road traffic is a significant source of PM emissions. Particulate matter (PM) 

emissions from vehicles come from, Figure 2: 

¶ exhaust emissions ɬ incomplete combustion of fuel and lubricant evaporation (Figure 

3), 

¶ non-exhaust emissions ɬ tyre wear, brake wear, road abrasion (Figure. 2), 

¶ road dust resuspension. 

 

Figure 2. Risk scenario of exposure to PM particles in transport, which affect the transfer of pollu-

tion from sources of brakes, tires and roads to the wider environment . 

In recent decades, the application of strict emission limits for exhaust gases has led 

to technologies that have almost completely eliminated PM in exhaust gases through the 

use of solid-phase filters, zero-emission vehicles such as battery electric vehicles (BEVs), 

and hydrogen fuel cell vehicles. 

However, this has caused an increase in the proportion of non-exhausted PM. 

Another factor affecting the formation of particles is:  

¶ the growing popularity of heavier SUVs, causing more tyre and brake wear,  

¶ rapid growth of electric vehicles increases the share of non-exhaust PM, 

¶ although EVs eliminate exhaust emissions, their higher weight increases tyre wear, 

producing more PM 10. 
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2.2. Tire tread wear 

When we drive, tires wear out and form small particles that mainly consist of rubber 

(natural and synthetic) and fillers, adjusting oils and reinforcing materials. Tire wear is 

recognized worldwide as the single largest source of micro plastics. 

In the EU, tire wear is estimated at around 500,000 tons per year and e.g. in Sweden 

it is around 11,000 tons/year, which is approximately the same as the weight of 1.1 million 

passenger car tires. Tire particles take a long time to decompose, which means that they 

can have a negative impact on nature well into the future, as they lie in soil, water or 

sediment. 

2.3. Brakes produce finer particles 

Tires and even more brakes wear out per kilometer in an urban area, where intersec-

tions, roundabouts, and heavy traffic cause more acceleration, braking, and cornering. The 

use of a car, its brakes, produces particles that are generally smaller than other wear par-

ticles and that contain relatively high amounts of metals from brake discs and brake pads.  

It is believed that the wear of brakes during driving in vehicles produces nanoparti-

cles. Recent studies have shown that non-exhaust emissions are comparable to those of 

diesel engines and that the relative contribution of brake emissions to the overall vehicle 

emissions is increasing due to improvements in exhaust emission reduction technologies 

[5,14]. 

Micro plastic emissions from brake pads vary depending on their structure. Accord-

ing to research, low-alloy steel brake pads emit much higher emissions than non-steel or 

semi-metallic pads [15,16]. The properties of the abrasive layer formed on the brake sur-

face play an important role. [8, 9, 15]. 

3. Measurement and Discussion of Non -Exhaust Particles PM 

Measuring non-exhaust particles PM is still a scientific challenge, mainly due to the 

difficulties in collecting samples in dynamic and contaminated environments.  

To obtain realistic data, measurements must be made directly on vehicles, but the 

precise determination of the source of particles is complicated - the brake system is located 

close to the tires and isolating individual components without affecting the tes t conditions 

is difficult.  

Nevertheless, regulations and manufacturers require specific tests to identify parti-

cles from tires and brakes. 

Recently, the EU proposed limits for brake emissions within the Euro 7 framework, 

based on Global Technical Regulation No. 24 (GTR 24). 

GTR 24 standardizes the procedures for measuring emissions from braking of light 

commercial vehicles, defining the conditions of the test cycle (WLTP-Brake: Worldwide 

Harmonized Light Vehicles Test Procedure) using brake dynamometers. Another compli-

cation in the case of tires is that particle production is highly dependent on the interaction 

with asphalt, which introduces additional uncertainty. As a result, emission factors vary 

considerably even under seemingly similar operating conditions.  

When analyzing road dust samples, it can be observed that most fractions are be-

ÛÞÌÌÕɯƙƔɯÈÕËɯƖƔƔɯϟÔȭ 

In the methodology of emission assessment, it is important to design and process test 

samples by choosing the sampling location, the method of taking test samples, so as not 

to contaminate the collected materials. It is necessary to use separation methods (drying, 

multiple separation, flotation - the use of deionized water to remove biological com-

×ÖÜÕËÚȮɯËÙàÐÕÎȮɯÏÌÈÛÐÕÎɯÛÏÌɯÛÌÚÛɯÚÈÔ×ÓÌÚɯÛÖɯƗƙȘ"ɯËÜÙÐÕÎɯÛÏÌɯÛÌÚÛɯ×ÌÙÐÖËɯȹÛÐÔÌɯ- dust 24 

hours, soil 72 hours). 

Figure 3 and Figure 4 show representative spectra of micro plastics from soil and 

road dust samples. 
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Figure 3. FTIR spectra of black fragments detected in soil and road dust samples [7]. 

 

Figure 4. Typical Raman spectra of black fragments from soil and road dust samples [8]. 

Urban air pollution, particularly fine particulate matter (PM 2.5 and PM10), poses health 

risks, including damage to the ocular surface. 

The majority of particles belonged to the PM 2.5 fraction (1 ɬ ƖȭƙɯϟÔȺȮɯÞÏÌÙÌÈÚɯ/,10 -

sized particles (2.5 ɬ ƕƔɯϟÔȺɯÞÌÙÌɯÓÌÚÚɯÙÌ×ÙÌÚÌÕÛÌËȮɯÈÕËɯ/,1 particles (ȀƕɯϟÔȺɯÞÌÙÌɯÖÕÓàɯ

occasionally observed, data are shown in Table 1. Morphometric descriptors calculated in 

ZEISS ZEN showed a broad variability in projected area and Feret diameters, with median 

(± 2#ȺɯÝÈÓÜÌÚɯÈÊÙÖÚÚɯÚÜÉÑÌÊÛÚɯÖÍɯƗȭƖɯǷɯƕȭƘɯϟÔ2 for area, 1.4 ǷɯƔȭƚɯϟÔɯÍÖÙɯÔÐÕÐÔÜÔɯ%ÌÙÌÛɯ

diameter, and 2.3 ǷɯƔȭƜɯϟÔɯÍÖÙɯÔÈßÐÔÜÔɯ%ÌÙÌÛɯËÐÈÔÌÛÌÙȭɯ"ÐÙÊÜÓÈÙÐÛàɯÝÈÓÜÌÚ ranged from 

0.55 to 0.95 (median = 0.78), indicating that most particles were moderately rounded, alt-

hough some irregular and elongated shapes were also observed.  

Table 1. Morphometric distribution of tear -borne particles detected by SEM. 

 
Summary of the number and relative proportions of particles identified in tear samples from three 

individuals (n = 63 total particles; 14, 19, and 30 particles respectively per subject). Particles were 

classified according to their equivalent circle diameter (ECD) into three size categories: PM1 ȹȀɯƕɯ

ϟÔȺȮɯ/,2.5 (1 ɬ ƖȭƙɯϟÔȺȮɯÈÕËɯ/,10 (2.5 ɬ ƕƔɯϟÔȺȭɯ5ÈÓÜÌÚɯÈÙÌɯÌß×ÙÌÚÚÌËɯÈÚɯÔÌÈÕɯ×ÈÙÛÐÊÓÌɯÊÖÜÕÛɯ} 

standard deviation (SD) across the three subjects, together with their corresponding relative pro-

portions (%). 

Overall, these results indicate that the particulate matter recovered from the tear sam-

ples was predominantly composed of fine particles within the PM2.5 range, with variable 
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morphology and a limited presence of coarse (PM10) or ultrafine (PM1) fractions. In the 

Figure 5, a collection of representative images. Particles were identified as carbon rich aglo 

merates, metallic debris (primarily Fe, Si, and Al), and fibrous fragment s, consistent with 

urban atmospheric particulate. In contrast, tears sampled from the washed control eyes 

showed no detectable particulate matter under the same conditions. [12] 

 

 

Figure 5. Representative images of particulate matters deposited onto filter and their characteriza-

tion. (A) Scanning Electron Microscopy (SEM) image of a PM10 particle from a tear sample (subject 

#10). (B) Corresponding Energy-Dispersive X-ray Spectroscopy (EDS) elemental map showing a sil-

ica-based composition of the same particle. (E) SEM image of a PM5 particle with sulphur -rich com-

position, typical of atmospheric particulate matter. (F) EDS elemental map of the particle in (E), 

confirming sulphur as the  major constituent.  

SEM analysis of tear samples revealed the consistent presence of airborne-like micro 

particles embedded within the tear matrix, contrasting with the absence of detectable ma-

terial in rinsed control eyes. This observation suggests that the tear film is directly exposed 

to and capable of transiently retaining environmental particulate matter. These findings 

support the hypothesis that the tear film may function as a short -term reservoir for air-

borne particles, although further investigation is required to cha racterize deposition dy-

namics, residence time, and the correlation with ambient exposure levels.  

Road dust loading is a road property which in general corresponds to a steady -state 

condition between a complex combination of production, loss and redistribution pro-

cesses. 

Production processes are mainly due to traffic intensity (i.e. wear and exhaust parti-

cle generation), atmospheric deposition, dust sources on the roadside, road shoulder, 

sanding/salting in countries with a lot of snowfall, the presence of additional fugit ive  

sources (building and maintenance activities), and the deposition of pollen and other or-

ganic materials. Loss processes are mainly the resuspension itself ɬ traffic or windinduced 

ɬ drainage, and road cleaning. Redistribution processes are particle crushing, aggregating 

and migration. Most of the aforementioned processes are heavily affected by road surface 

conditions, such as age, state, composition, texture, porosity and moisture. 



Novus Scientia 2026  
 

19 

Road dust emissions also depend on the amount of material deposited on the road. 

An example of road emissions measurements in Bratislava is shown in Fig. 6, Fig. 7 and 

Fig. 8. The measurements were carried out in cooperation with TSI Aachen, Germany. 

 

Figure 6. Bratislava cross-road.         Figure 7. Measured UFP from cross-road. 

4. Conclusions  

The study analyzed environmental examples for the presence of micro particle frac-

tions. A huge amount of black fragments (91% from soil and road dust) was found in all 

samples, both FTIR and Raman spectra confirm the presence of the most characteristic 

functional groups and additives used in tires. A higher amount of micro plastics particles 

were found in road dust samples than in soil. This may be  due to the direct effect of brak-

ing, which causes a greater accumulation of samples at the emission source than over a 

ÚÏÖÙÛɯËÐÚÛÈÕÊÌɯÐÕɯÚÖÐÓȭɯ(ÕɯÛÏÌɯÊÈÚÌɯÖÍɯÚÖÐÓÚȮɯÛÏÌɯÍÙÈÊÛÐÖÕɯÉÌÓÖÞɯƙƔɯϟÔɯÐÚɯÛÏÌɯÔÖÚÛɯÊÖÔÔÖÕȭɯ

When analyzing road dust samples, it can be observed that most fractions are between 50 

ÈÕËɯƖƔƔɯϟÔȭ 

,ÖÙÌÖÝÌÙȮɯÐÛɯÞÈÚɯËÐÍÍÐÊÜÓÛɯÛÖɯÈÕÈÓàáÌɯÛÏÌɯÚÔÈÓÓÌÚÛɯ×ÈÙÛÐÊÓÌÚɯÉÌÓÖÞɯƕƔɯϟÔȮɯÞÏÐÊÏɯÈÙÌɯ

the most harmful from a health perspective. The main problems of micro particle analysis 

include the lack of standardization and a reference unit of the results obtained, w hich 

would allow comparison of the obtained results between researchers. 

Ocular surface alterations and conjunctival hyperemia were significantly associated 

with air pollution exposure, while subjective symptoms showed weaker trends. The de-

tection of particulate matter in human tear fluid supports the use of the ocular surface as 

a sensitive, non-invasive tool for biomonitoring. These findings highlight its potential role 

in early warning syste ms for pollution -related health effects, with implications for public 

health surveillance and urban planning.  

 
Acknowledgments:  The contribution was prepared as a part of the grant project of the Ministry of 

Education of the Slovak Republic - UNIVNET No. 0201/0082/19 - University and Industrial Research 

and Education Platform of the Recycling Company and the grant project KEGA 032TUKE- 4/2025 

Implementation of the results of scientific research activities into the processing of a modern uni-

versity textbook "Solid aerosols - fine and ultrafine particles in the environment".  

Conflicts of Interest:  Ɂ3ÏÌɯÈÜÛÏÖÙÚɯËÌÊÓÈÙÌɯÕÖɯÊÖÕÍÓÐÊÛɯÖÍɯÐÕÛÌÙÌÚÛȭɯ3ÏÌɯÍÜÕËÌÙÚɯÏÈËɯÕÖɯÙÖÓÌɯÐÕɯÛÏÌɯ

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

ÚÊÙÐ×ÛȮɯÖÙɯÐÕɯÛÏÌɯËÌÊÐÚÐÖÕɯÛÖɯ×ÜÉÓÐÚÏɯÛÏÌɯÙÌÚÜÓÛÚɂȭ 

References 

1. 6ÖÙÌÒȮɯ)ȮɯȰɯ!ÈËÜÙÈȮɯ7ȭɯȰɯ!ÐÈėÈÚȮɯ ȭɯȰɯ"ÏÞÐÌÑȮɯ)ȭȮɯÌÛɯÈÓȯɯ/ÖÓÓÜÛÐÖÕɯÍÙÖÔɯ3ÙÈÕÚ×ÖÙÛȯɯ#ÌÛÌÊÛÐÖÕɯÖÍɯ3àÙÌɯ/ÈÙÛÐÊÓÌÚɯÐÕɯ$ÕÝÐÙÖÕÔÌÕÛal 

Samples, Energies 2022, 15 p.  

2. !ÙÖÌÒÏÜÐáÌÕȮ/ȭɯȰɯ2ååÔåÕÌÕȮɯȰ2ÊÏÜÜÙÉÐÌÙÚȮɯ#ȭɯȰɯ(ÚÐÎÖÕÐÚȮɯ/ȭɯȰɯ)ÌÕÚÌÕȮɯ*ȭȮɯ ȭȮɯȰɯ*ĹÏÕÌÓȮɯ#ȭɯȰɯ+Ìɯ!ÓÈÕÚÊÏȮɯ*ȭȯɯ3àÙÌɯÞÌÈÙɯÕÈÕÖ×ÈÙticles 

as test for a nano risk governance framework, Environmental Science, 10, 2022, pp. 1- 17 



Novus Scientia 2026  
 

20 

3. 2ÛÈÙáÖÔÚÒÈȮ ȭȰɯ2ÛÙÜŊÌÞÚÒÈȮ)ȭȯɯ ɯÚÐß-year measurement-based analysis of traffic-related particulate matter pollution in urban 

areas: the case of Warsaw, Poland (2016-2021), Archives of Environmental Protection, Vol. 50 no. 2 pp. 75ɬ84, PL ISSN 2083-4772,  

4. Fussell,J.C.; Franklin,M. ; Green,D.C. ; Gustafsson,M. et al: A Review of Road Traffic-Derived Non -Exhaust Particles: Emissions, 

Physicochemical Characteristics, Health Risks, and Mitigation Measures, Environ. Sci. TechnolȭɯƖƔƖƖȮɯƙƚȮɯ××ȭɯƚƜƕƗǸƚƜƗƙ 

5. 2ÈÉÌÓÚÛÙġÔȮɯ'ȭɯȰɯ!ÖÉÌÙÎȮɯ/ȭ5ȭɯȰɯ$ÕÎÏÖÓÔȮɯ'ȭɯȰɯ&ÌÕÉÌÙÎɯ2ÈÍÖÕÛȮɯ)ȭȮɯ&ȭɯȰɯ+ÈÙÚÚÖÕȮɯ'ȮɯȰɯÈÕËɯ+ÈÛÝÈÓÈȮɯ2ȭȯɯ ÐÙɯȫɯ$ÕÝÐÙÖÕÔÌÕÛȮɯ Ùɪ

kitektkopia AB, Bromma, Schwede ,2023., pp.1-94, ISBN 978-91-620-1309-7. 

6. Song, S,: Transport Emissions & Social Cost Assessment: Methodology Guide, WRI.org.,China, p. 110, ISBN 978-1-56973-908-2  

7. *ÖÓÌȮɯ)ȭȮɯ/ȭȰɯ+ġÏÙȮɯ ȭ)ȭȰɯÝÈÕɯ!ÌÓÓÌÎÏÌÔȮɯ%ȭ&ȭ ȭ)ȭȰɯ1ÈÎÈÚȮɯ ȭ,ȭ)ȭ6ÌÈÙɯÈÕËɯ3ÌÈÙɯÖÍɯ3àÙÌÚȯɯ ɯ2ÛÌÈÓÛÏàɯ2ÖÜÙÊÌɯÖÍɯ,ÐÊÙÖ×ÓÈÚÛÐÊÚɯÐÕ the 

Environment. Int. J. Environ. Res. Public Health 2017, 14, 1265.  

8. Grigoratos, T.; Brake, M., G. :Wear Particle Emissions: A Review. Environ. Sci. Pollut. Res. 2015, 22, pp. 2491ɬ2504.  

9. Eriksson, M.; Bergman, F.; Jacobson, S.: On the Nature of Tribological Contact in Automotive Brakes; Elsevier: Amsterdam, The 

Netherlands, 2002; Volume 252. 

10. Sanders, P.G.; Xu, N.; Dalka, T.M.; Maricq, M.M. Airborne BrakeWear Debris: Size Distributions, Composition, and a Compar-

ison of Dynamometer and Vehicle Tests. Environ. Sci. Technol. 2003, 37, pp. 4060ɬ4069. 

11. Zhang, M.; Hang Yin, H. ; Jianwei Tan, J. ; Xin Wang, X, ; Zhengjun Yang, Z, ; Hao, L. ; Du, T. ; Niu. ; Ge., Y: A comprehensive 

review of tyre wear particles: Formation, measurements, properties, and influencing factors Atmospheric Environment 297  

12. Battistini ,R. ; ,Di Geronimo ,N..; Porru,E. et al: Real-Life Assessment of Multi -Pollutant Exposure and Its Impact  on the Ocular 

Surface: The Bike-Eye Pilot Study on Urban Cyclists in Bologna. Environmental research and Public Health, 22, 2025, pp.1-15. 

 



 

 

    

 

Novus Scientia 2026  21 http://www.sjf.tuke.sk/NovusScientia/index.html  

Experimental analysis of the influence of layer order in double -

layer blanking of electrical steel sheets with variable strength 

properties  
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Abstract: Blanking of the double layer configuration is new innovation of the blanking process, 

whose purpose is to increase productivity of the production, especially for the rotor and stator iron 

core sheets. While this innovation doubles the productivity, quality of the produced blanks is worse 

than conventional blanking, which calls for research on optimization of the process. One of viable 

options is blanking of layers with different strength properties, specifically usage of same material 

for each layer but from opposite sides of tolerance field of its strength properties. Experiment fol-

lows this idea by conducting blanking operations in two of the possible layer configurations. After 

observation of the dishing deformation and sheared edge of the inner diameter on the samples, it 

was found out this innovation of the process may be beneficial, especially for configuration where 

the material with better strength properties is positioned as top layer and material with weaker 

strength properties is positioned as bottom layer. Biggest advantage was absence of deformation on 

the bottom layer that is normally observed on the plastic shear zone of samples produced by con-

ventional double layer blanking which allows for production of more stable blanks.  

Keywords:  double-layer, blanking, punching, sheared edge, dishing 

 

1. Introduction  

Iron cores of the rotors and stators used as the drive units in the electrical vehicles 

are generally made by vertical stacking of great amounts of individual layers of electrical 

steel sheets [1]. These steel sheets can be produced by several technologies but based on 

the comprehensive research of Paltanea et. al., blanking is preferred method because of 

the required production volumes. This technology is capable of much higher production 

output, which is critical as it is a bottleneck of the electric moto r production [2,3].  

Even though the blanking technology provides the highest productivity, there are 

still limits to the output of a single press. To push these limitations, the double -layer con-

figuration blanking was introduced. In this type of blanking there are two sheets of the 

material blanked at the single position with one stroke of the press. These steel sheets are 

placed on each other designated as the top layer and the bottom layer. For each of these 

layers the deformation induced by the blanking process is different  from conventional 

process, and each of the deformations for the respective layers are different from each 

other. This is the result of partial replacement of the geometry of the tool in the process by 

the material itself. For the top layer, the die is replaced by the bottom layer and for the 

bottom layer, the punch is replaced by the top layer. These replacements are fluidly de-

forming during the process which means that the cutting forces are distributed differently. 

Deformation process of the double layer blanking simulated in Simufact Forming soft-

ware can be seen in Figure 1 [4]. 
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Figure 1. Double layer blanking process (contact with punch/elastic phase/plastic phase/fracture 

initiation/break) [4]. 

One of the possible optimizations of this process may be based on using materials 

with slight difference in the material properties for each respective layer.  

2. Double -layer blanking of layers with variable strength properties  

While the double -layer is based on blanking of two layers of steel sheets which are 

made of the same material, it is not a rule for them to have perfectly equal material prop-

ÌÙÛÐÌÚȭɯ,ÈÛÌÙÐÈÓɯÚÜ××ÓÐÌÙɯÊÈÕɀÛɯÔÈÒÌɯÛÞÖɯÉÈÛÊÏÌÚɯÖÍɯÔÈÛÌÙÐÈÓɯÞÐÛÏɯ×ÌÙÍÌÊÛÓàɯÈÓÐÎÕÌd prop-

erties, instead, the material is produced in certain tolerance ranges with nominal value 

and main strength properties which are measured after production and these parameters 

are included in the cover letter that the buyer receives with the material delivery.  

Thanks to this there is possibility to choose two different batches of material pro-

duced with the strength properties from the opposite limits of the tolerance range and put 

them into the double -layer configuration.  

Two possible variations of the configuration can be created: 

- Stronger punch- Material from the upper limit of the strength tolerance range is 

placed in configuration as the top layer. Material from the bottom limit of the 

tolerance is placed as bottom layer. 

- Stronger matrix - Material from the bottom limit of the strength tolerance range 

is placed in configuration as the top layer while the material from the upper limit 

of the tolerance is placed as bottom layer. 

Position of the stronger material layer will influence the results of these experiments 

more because of its higher material strength and lower ductility. Variant where the 

stronger layer is positioned as the top layer should have: 

- Smaller rollover zone thanks to the higher strength of the material which places 

resistance to deformation. 

- Smaller plastic shear zone due to the decreased ductility. 

- Higher fracture zone as the fracture will be initiated earlier because of the lower 

plasticity.  

Variant where the stronger layer is placed as bottom layer is expected to have worse 

quality of the sheared edge, potentially, the dishing of the part may be lower in compari-

son because of the stronger layer acting partly as the counterpunch. 

3. Materials and methods  

3.1. Materials used in experiment 

Two types of thin electrical steel sheets with 0.5 mm thickness were used in the ex-

periment.  Most important differences of these materials are their different mechanical 

×ÙÖ×ÌÙÛÐÌÚȭɯ,ÈÛÌÙÐÈÓɯȮȮ'ɺɺɯÐÚɯÊÏÈÙÈÊÛÌÙÐáÌËɯÉàɯÐÛÚɯÏÐÎÏɯÚÐÓÐÊÖÕÌɯÊÖÕÛÌÕÛȮɯÏÐÎÏɯÔÈÛÌÙÐal 
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lower material strength but higher ductility.  

Chemical composition of these materials is shown in Table 1 and Table 2. Mechanical 

properties were acquired by uniaxial tensile test on five samples per material on stand-

ardized specimens. Important mechanical properties in the rolling direction are shown  in 

Table 3.  

Table 1. Chemical composition of electrical steel sheet H (weight %). 

Fe C Si Mn  P S Cu Al  

94.13 < 0.002 2.806 0.267 0.038 < 0.002 0.037 2.422 

Cr Mo Ni  V Ti Nb Co  

0.027 0.069 0.035 0.019 0.004 0.048 0.099  

Table 2. Chemical composition of electrical steel sheet S (weight %). 

Fe C Si Mn  P S Cu Al  

98.29 < 0.002 0.744 0.329 0.071 0.004 0.036 0.182 

Cr Mo Ni  V Ti Nb Co  

0.033 0.037 0.034 0.012 < 0.002 0.031 0.086  

Table 3. Mechanical properties of electrical steel sheet S and H. 

 Rp0.2 

[MPa]  

Rm 

[MPa] 

A g 

[%] 

A t 

[%] 

A80 

[%] 

Material H  ƘƔƚɯǷƙȭƗ ƙƕƚɯǷƙȭƜ ƕƗȭƜɯǷƕȭƛƚ ƕƝȭƖɯǷƔȭƝ ƕƝȭƕɯǷƔȭƝ 

Material S ƗƖƕɯǷɯƖȭƙ 434 ǷƖȭƚ ƖƗȭƘɯǷƗȭƗ ƗƙȭƚɯǷƔȭƙ ƗƙȭƚɯǷƔȭƙ 

3.2. Experimental setup and equipment 

Experiment was conducted with the progressive experimental blanking tool. Diam-

ÌÛÌÙÚɯÖÍɯÛÏÌɯ×ÜÕÊÏÌÚɯÈÙÌɯ}ƖƙȭƔƔƗɯÔÔɯÈÕËɯ}ƕƙȭƔƗƝɯÔÔȭɯ#ÐÈÔÌÛÌÙÚɯÖÍɯÛÏÌɯËÐÌÚɯÞÌÙÌɯ

}ƖƙȭƔƕƗɯÔÔɯÈÕËɯ}ƕƙȭƔƘƝɯÔÔȭɯ2ÏÌÈÙɯÎÈ×ɯÖÍɯÛÏÌɯÛÖÖÓɯÞÈÚɯƔȭƔƕɯÔÔɯÈÕËɯÕÖÔÐÕÈÓɯÉÓÈÕÒÌËɯ

thickness tn was 1 mm because each of the two layers is 0.5 mm. Simplified sketch of this 

experimental tool with the dimensions can be seen on Figure 2. 

 

Figure 2. Layout of the double layer configuration (top layer is red and bottom layer is green) . 

Produced blanks are of the toroid shape as it is possible to use this shape in the Ep-

stein Frame device for research into the influence of deformation on the electromagnetic 

properties of the blanks.  

Hydraulic press with the nominal force of 200kN was used for this experiment.  

Sheets were blanked in two configurations: 

- Configuration A - Stronger material H was used as the top layer, while the weaker 

material S was used as the bottom layer. 

- Configuration B - Weaker material S was used as the top layer while the stronger 

material H was used as the bottom layer. 
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4. Experiment results and analysis  

Based on the previous methodology from the double layer blanking experiments [5], 

two main measurements were done on the blanks produced by current experiment:  

1. Measurement of the dishing operation of the top and bottom layers.  

2. Observation of the inner sheared edge produced by the punching operation un-

der the microscope. 

Observations and measurements were compared to the results of previous experi-

ment where material S was used in both layers of the configuration.  

4.1. Dishing deformation 

Four types of blanks were produced by the experiment and each sample was meas-

ured at 4 points with the calibrated caliper. From these four measurements per blank av-

erage value was calculated. The deformation is equal to difference between the measure-

ment and the nominal thickness value t n of the metal sheet. Downside of this measurement 

is that its value can be influenced by the burr on the blanks. Measurements of the dishing 

along with measurements from previous experiment with layers of same material prop-

erties are in Table 4. 

Table 4. Dishing values of samples. 

Configuration  Layer Average 

measurement 

(mm) 

Dishing increment 

t i 

(mm)  

Layer dishing  

deviation 

(mm) 

S+S Top = S ƕȭƖƚɯǷƔȭƔƘ 0.76 0.04 

 Bottom - S ƕȭƖƖɯǷƔȭƔƖ 0.72 

S+H Top = S ƕȭƚƖɯǷƔȭƔƙ 1.12 0.29 

 Bottom = H ƕȭƗƗɯǷƔȭƔƘ 0.83 

H+S Top = H ƕȭƖƘɯǷƔȭƔƘ 0.74 0.07 

 Bottom = S ƕȭƗƕɯǷƔȭƔƗ 0.81 

Measurements have shown less dishing deformation for the configuration where top 

layer consists of material with higher strength and bottom layer with lower strength in 

comparison to the opposite configuration. Even though this configuration was superior, 

it still had slightly bigger dishing than the configuration consisting of both layers with 

weaker strength material properties.  

4.2. Sheared edge 

Inner sheared edge of the blanks produced by the punching operation were observed 

under the Keyence microscope after they were cast in resin and ground to the middle. 

Results of previous experiment of configuration S+S where both layers have same 

strength properties is on Figure 3 and Figure 4. Material of these layers have lower me-

chanical strength properties in comparison to material H [5]. 

      

Figure 3. Top layer S+S configuration [5].  Figure  4. Bottom layer S+S configuration [5]. 
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While the top layer has a big burr, it has small rollover area and big ration of plastic 

shear zone. Bottom layer has minimal burr but the rollover zone takes big parts of the 

shear edge at the expense of the plastic shear zone [5].  

Sheared edge of blanks produced from S+H configuration where material with lower 

material strength is positioned as top layer can be seen on Figure 5. Material with higher 

strength positioned as bottom layer can be seen on Figure 6. 

  

Figure 5. Top layer S.      Figure 6. Bottom layer H .   

Top layer was material of the weaker material strength and the quality of its shear 

edge is good. Rollover area is small, zone of the plastic shear is 60.38% and the burr is 

small.  

Bottom layer was material with the higher material strength and the quality is worse 

than the top layer, its shape is similar to the double layer blanking with configuration of 

both layers with same strength properties. Rollover area and its radius is big, plastic shear 

zone is lower, 50.32% and the burr is small. 

Sheared edge of blanks produced from H+S configuration, where the top layer is ma-

terial H with higher strength properties can be seen on Figure 7, and sheared edge of ma-

terial S with lower strength properties can be seen on Figure 8. 

  

Figure 7. Top layer H .      Figure 8. Bottom layer S.   

Top layer was material H which has better material strength and it produced sheared 

edge of a good quality like the sheared edge produced by blanking of the two layers with 

same material strength. Rollover is small, plastic shear zone is biggest of the samples as it 

is 79.92% of the nominal thickness value. Burr is big because the material was bend over 

the bottom layer.  

Bottom layer was material with lower material strength and its sheared edge is of 

good quality. Rollover is small and its plastic shear zone is straight but short as it makes 

just 44.4% of the nominal thickness of material. Fracture zone is bigger, 38.96% of the nom-

inal thickness of the material. Bottom layer sample had nearly non -existent burr.  
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Values of the measured rollover area, plastic shear zone, breakage zone and the burr 

along with percentage calculated based on the nominal thickness of the material which 

was 0.5mm, can be seen in table 5. Values for the configuration of layers with same mate-

rial properties were used from the previous experiment and article.  

Table 5. The proportion of the individual shear -edge zones and their percentage shares [5].  

Configuration  S+S S+H H+S 

Layer Top S Bottom S Top S Bottom H  Top H  Bottom S 

Unit  ȹϟÔȺ (%) ȹϟÔȺ (%) ȹϟÔȺ (%) ȹϟÔȺ (%) ȹϟÔȺ (%) ȹϟÔȺ (%) 

Rollover  66.1 13.22 186.8 37.36 56.2 11.24 145.8 29.16 57.4 11.48 72.3 14.46 

Plastic zone 430.5 86.1 263.3 52.66 301.9 60.38 251.6 50.32 399.6 79.92 222 44.4 

Breakage zone 17.1 3.4 66.7 13.34 136.1 27.22 95.8 19.16 108.3 21.66 194.8 38.96 

Burr  37.7 7.54 15.4 3.08 17.2 3.44 17.8 3.56 65.7 13.14 6.5 1.3 

Edge lenght 600.4 120.1 516.8 103.4 511.4 102.3 511 102.2 565.3 103.4 495.6 99.1 

Rollover  

Radius 

667.3 390.8 223 225.4 356.8 405.5 

5. Conclusions  

After carefully examining the data regarding the dishing, results geometry and di-

mensions of the inner sheared edge produced by the punch, we came to the following 

conclusions: 

- Dishing  

o Deformation, which we predicted better in the case of the configuration 

where the stronger material would be used as the lower layer was worst 

of the three observed options. Top layer experienced much higher dish-

ing, and dishing deviation between the layer s was nearly 0.3mm. 

o Dishing of the configuration where the stronger material acted as the top 

layer was nearly as good as the dishing observed on the configuration 

with both layers of same strength parameters, with the dishing deviation 

just 0.07mm. 

- Shape of the sheared zone was different for each option. When compared to the 

conventional double layer blanking, each of the configurations had its own im-

provements.  

o Configuration with the weaker material in the place of the top layer had 

its burr greatly reduced. Plastic deformation zone was decreased while 

the breakage zone increased. Bottom layer stayed similar with biggest 

difference in the breakage zone which saw 15% increase. 

o Configuration with the stronger material in the place of the top layer had 

slightly reduced quality because of the smaller zone of the plastic shear 

and increased zone of breakage. This is probably result of the decreased 

ductility between the materials co mpared. Bottom layer saw the biggest 

improvement as it was not deformed like the bottom layer of the con-

ventional double layer blanking. Its shape was like the shape of the top 

layer with just slightly worse quality regarding the zones. When com-

pared to each other, rollover zone difference was just 3%, plastic defor-

mation zone had a bigger difference of 35%. Breakage zone was larger 

by 17% and the bottom layer had no burr. 

Configuration where stronger material is used as top layer and weaker material as 

the bottom layer proven itself to be superior to the configuration where weaker material 

is used as the top layer and stronger material as the bottom layer.  
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To confirm success of this innovation, more experiments need to be conducted, spe-

cifically experiments where layers would consists of the same material but from opposite 

tolerance ranges for the strength properties of the material. 
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Patient -Specific Surgical Guide for Ulna Reconstruction Using 

CT-Based Digital Planning and Additive Manufacturing  
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Abstract : Post-traumatic deformities of the ulnar diaphysis represent a challenging clinical condi-

tion, particularly when precise correction of bone alignment is required. Conventional surgical tech-

niques rely largely on intraoperative estimation, which may lead t o limited accuracy and variability 

in outcomes. This contribution presents a patient-specific digital workflow combining computed 

tomography imaging, three -dimensional modelling, computer -aided design, and additive manu-

facturing for corrective oste otomy of the ulnar shaft. Virtual planning was based on mirrored con-

tralateral anatomy and enabled accurate definition of the osteotomy plane and correction parame-

ters. A patient-specific surgical guide was designed and manufactured to ensure precise intraoper-

ative transfer of the virtual plan. The osteotomy was stabilized using a standard straight fixation 

plate for the ulna. The presented workflow enabled accurate execution of the planned correction 

and restoration of anatomical alignment. The results demonstrate the potential of patient -specific 

surgical guides to improve precision and reproducibility in corrective ulnar osteotomy.   

Keywords: patient -specific surgical guide; ulnar diaphysis; corrective osteotomy; additive manu-

facturing; biomedical engineering  

 

1. Introduction  

Deformities of the ulnar diaphysis resulting from trauma, malunion, or growth dis-

turbances can significantly impair forearm function and biomechanics. Inaccurate align-

ment of the ulna may affect load transmission, forearm rotation, and the stability of the 

distal radioulnar joint. Corrective osteotomy remains the treatment of  choice in sympto-

matic cases; however, achieving precise correction using conventional techniques can be 

technically demanding. [3]  

Traditional osteotomy planning is often performed intraoperatively, relying on two -

dimensional imaging and surgical experience. This approach may lead to variability in 

correction accuracy, prolonged operative time, and suboptimal anatomical restoration. 

Advances in medical imaging, three-dimensional modelling, and additive manufacturing 

have enabled the development of patient-specific solutions that support detailed preoper-

ative planning and accurate intraoperative execution. [1, 2, 4, 7] 

Patient-specific surgical guides have emerged as a promising tool for improving the 

precision of corrective osteotomies. By transferring the virtual surgical plan directly to the 

operative field, these guides can reduce intraoperative uncertainty and enhance reproduc-

ibility. The aim of this contribution is to present a technical case study describing the ap-

plication of a patient -specific surgical guide for corrective osteotomy of the ulnar diaphy-

sis using a CT-based digital workflow. [1, 3]  
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2. Materials and Methods  

Computed tomography imaging of both forearms was performed using a high -reso-

lution clinical CT scanner with thin -slice acquisition to ensure accurate visualization of 

cortical and trabecular bone structures. DICOM datasets were imported into medical im-

age processing software, where segmentation of the affected ulna and the contralateral 

healthy ulna was performed. The healthy ulna was mirrored along the sagittal plane and 

registered to the affected bone to identify angular deviation, rotational malalignment , and 

longitudinal discrepancies.  

Virtual surgical planning was carried out based on comparison with the mirrored 

contralateral anatomy. The optimal osteotomy plane and correction parameters were de-

fined to restore the anatomical axis and length of the ulnar diaphysis. A patient -specific 

surgical guide was subsequently designed to fit the surface geometry of the ulna and to 

guide the osteotomy according to the virtual plan.  

The surgical guide was manufactured using additive manufacturing technology Se-

lective laser sintering from a medical -grade polymer Polyamide PA2200 suitable for ster-

ilization. The entire process of preparation, design, manufacturing, and clinical applica-

tion of the patient-specific guide was reviewed and approved by the institutional Ethics 

Committee. The committee evaluated the technological workflow, potential surgical risks, 

and procedures ensuring adequate patient information. Written informed consent w as 

obtained from the patient, and anonymized clinical and imaging data were used for re-

search and publication purposes in compliance with the General Data Protection Regula-

tion.  

The corrective osteotomy was performed using the patient -specific guide to ensure 

accurate execution of the planned cut. Fixation was achieved using a standard straight 

osteosynthetic plate designed for ulnar shaft stabilization.  

 

                       

(a)                 (b)              (c) 

Figure 1. (a) Three-dimensional CT-based surface model of the affected ulna and radius showing post-traumatic deformity 

of the ulnar diaphysis. ( b) Three-dimensional CT-based surface model of the contralateral healthy ulna and radius used 

as a reference for anatomical comparison and virtual planning. (c) Three-dimensional overlay of the affected ulna and 

radius with the mirrored contralateral healthy models, illustrating anatomical deviations and serving as a basis for virtual 

planning of corrective osteotomy.  
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(a)                 (b)              (c) 

Figure 2. (a) Three-dimensional overlay illustrating repositioning of the resected proximal ulnar segment according to the 

mirrored contralateral healthy anatomy. ( b) Three-dimensional overlay illustrating repositioning of the resected proximal 

ulnar segment according to the mirrored contralateral healthy anatomy from side view. ( c) Three-dimensional model of 

the ulna after virtual osteotomy, demonstrating separation of bone segments and simulated anatomical correction.  

 
 

(a) (b) 

Figure 3. (a) Three-dimensional visualization of the patient -specific surgical guide positioned on the ulnar diaphysis, 

demonstrating its fit and alignment relative to the planned osteotomy site. ( b) Three-dimensional visualization of the 

patient -specific surgical guide from side view.  

3. Results 

3.1. Anatomical Reconstruction and Virtual Planning Accuracy 

CT-based segmentation and three-dimensional reconstruction enabled precise visu-

alization of the ulnar diaphyseal deformity. Comparison with the mirrored contralateral 

ulna allowed accurate identification of angular and rotational deviations. Virtual correc-

tion resulted in restoration of the anatomical axis and length of the ulna with minimal 

deviation from the reference anatomy.  

3.2. Surgical Guide Performance and Osteotomy Execution 

 The patient-specific surgical guide demonstrated stable and reproducible position-

ing on the ulnar surface. Its geometry ensured accurate transfer of the planned osteotomy 

plane to the surgical field. The guide enabled controlled execution of the osteotomy  ac-

cording to the predefined correction parameters and minimized intraoperative variability.  
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(a) (b) 
 

 

  
 

                          
Figure 4. (a) Intraoperative view demonstrating placement and fixation of the patient -specific surgical guide on the ulnar 

diaphysis prior to osteotomy.; ( b) Intraoperative visualization of the guided osteotomy being performed through the pa-

tient -specific surgical guide to ensure accurate execution of the planned bone cut. 

3.3. Fixation and Early Clinical Outcome 

The corrected ulnar segment was successfully stabilized using a standard straight 

fixation plate. Postoperative imaging confirmed satisfactory alignment of the ulnar diaph-

ysis and correct positioning of the fixation hardware. No intraoperative or early pos top-

erative complications related to guide usage or fixation stability were observed. The 

achieved correction created favorable conditions for subsequent rehabilitation and func-

tional recovery.  

 

  

(a) (b) 

Figure 5. (a) Intraoperative view demonstrating definitive fixation of the corrected ulnar diaphysis with a standard straight 

plate following guided osteotomy; ( b) Postoperative radiographic image confirming correct alignment of the ulnar diaph-

ysis and stable fixation using a standard straight osteosynthetic plate. 
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4. Discussion 

The presented case study demonstrates the feasibility of integrating digital surgical 

planning with additive manufacturing for the correction of post-traumatic ulnar deform-

ities. The use of CT-based three-dimensional modelling enabled accurate visualization of 

the deformity and allowed the creation of a mirrored anatomical reference from the con-

tralateral forearm. [3, 5] 

Patient-specific surgical guides provide a reliable method for transferring the virtual 

surgical plan into the operating room. Compared to conventional freehand osteotomy 

techniques, this approach reduces the reliance on intraoperative estimation and may im-

prove the precision and reproducibility of the procedure.[4, 6]  

In addition, the integration of digital planning tools and additive manufacturing 

technologies represents an important step toward personalized orthopaedic surgery. Such 

workflows allow surgeons to better understand complex anatomical deformities and to 

plan corrective procedures more precisely. 

Future research should focus on evaluating the clinical outcomes and surgical accu-

racy of patient-specific guides in larger patient cohorts and across different anatomical 

regions. 

Despite the promising results, several limitations of this study should be acknowl-

edged. First, the presented work represents a single-patient case study, which limits the 

generalizability of the findings. Further validation on a larger cohort of patients would be 

necessary to statistically confirm the clinical benefits of patient -specific surgical guides for 

corrective osteotomy of the ulna. 

Another limitation is the dependence of the workflow on high -quality CT imaging and 

precise segmentation, which may influence the accuracy of the resulting 3D models and 

surgical guides. Additionally, the process requires access to specialized software and ad-

ditive manufacturing technologies, which may not yet be routinely available in all clinical 

environments.  

5. Conclusions 

Patient-specific surgical guides represent an effective tool for improving the preci-

sion of corrective osteotomy of the ulnar diaphysis. The integration of biomedical engi-

neering methods, virtual planning, and additive manufacturing enables accurate transf er 

of the surgical plan into clinical practice. The presented workflow supports the broader 

adoption of personalized solutions in orthopedic surgery.  
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Abstract: The article presents the design and experimental evaluation of a low-cost educational tool 

for teaching PID control using a real -world mechatronic system. The proposed platform is based on 

a DC motor with an integrated encoder, controlled by an Arduino Uno  microcontroller and an H -

bridge driver. The system enables real-time monitoring and visualization of motor speed and con-

troller behavior using the Arduino IDE Serial Monitor and Serial Plotter. A PI controller was imple-

mented and experimentally evaluated under different operating conditions, including variable load 

scenarios. The results demonstrate stable and accurate speed regulation with little deviation. Due 

to its simple design, low cost, and use of widely available components, the developed tool effec-

tively bridges the gap between theoretical control concepts and practical implementation, making 

it well -suited for control systems. 

Keywords:  PID control; DC motor control; Arduino; educational tool.  

 

1. Introduction  

As industry and technology advance, the demand for engineers and technicians who 

master complex electromechanical systems rises. One of the great challenges of mechani-

cal engineering education is bridging the gap between theoretical concepts and real-world 

implementations. Control theory and the modeling of mechatronic systems are essential 

concepts in mechanical engineering, forming the foundation for a wide range of applica-

tions, from robotics and automation to power electronics and the automotive industry. 

Feedback mechanisms, such as encoders, are necessary to make a dynamic system that 

behaves in a desired way. The use of the ProportionalɬIntegralɬDerivative (PID) control-

ler is the dominant method used for control theory because of its simplicity, robustness, 

and effectiveness. The PID controller continuously adjusts the input to a system based on 

the error between the desired output and the actual output. To achieve stable and accurate 

control, the combination of present (proportional K p), accumulated past (integral K i), and 

predictive future (derivative K d) weighted errors is used [1, 11].  

ὅ ὑ ὑ
ρ

ί
ὑί (1) 

Despite its simplicity, the effectiveness of a PID controller in practice depends highly 

on proper tuning of its parameters. This fact is a double -edged sword because in the uni-

versity scenario, it is very simple to modify the gains of the PID controller t o achieve dif-

ferent results. But in real-world scenarios, it is crucial to calculate and precisely set the 

gains to get optimal results. This tuning is carried out by using optimization -based ap-

proaches, for example, the pole placement method, Ziegler and -ÐÊÏÖÓÚȮɯÈÕËɯ-ÈÚÓÐÕɀÚɯ

method [2]. The pole placement method is a model-based method in which closed-loop 

poles are assigned to achieve a specific dynamic response. The location of the poles deter-

mines stability, settling time, damping, and oscillatory beha vior. Selecting them allows 

shaping the system's performance with high precision. Desired pole positions are defined 
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based on performance requirements. Then, the formulation of the closed-loop character-

istic equation combined with the PID controller is performed. By equating this equation 

ÞÐÛÏɯÛÏÌɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯ×ÖÓàÕÖÔÐÈÓȮɯÛÏÌɯ/(#ɯ×ÈÙÈÔÌÛÌÙÚɯÈÙÌɯÊÈÓÊÜÓÈÛÌËɯȻƗȼȭɯ-ÈÚÓÐÕɀÚ method 

is a heuristic tuning technique for calculating PID parameters on the desired closed-loop 

dynamic behavior of a system. It is based on the assumption that the target characteristic 

polynomial has coefficients that follow a predefined ratio, ensurin g a stable system re-

sponse. The maximum allowable overshoot is selected, corresponding to a constant 

‌used in subsequent calculations [4]. Lastly Ziegler-Nichols method is based on manual 

modification of proportional gain until the system reaches sustained oscillations, from 

which the ultimate gain and oscillation period are measured. These values are then used 

in predefined formulas to calculate PID gains. The main advantage of using this method 

ÐÚɯÛÏÈÛɯÐÛɯËÖÌÚÕɀÛɯÙÌØÜÐÙÌɯÈÕɯÈÊÊÜÙÈÛÌɯÔÈÛÏÌÔÈÛÐÊÈÓɯÔÖËÌÓɯÖÍɯÛÏÌɯÚàÚÛÌÔɯÉÜÛɯÐÛɯÊÈÕɯÖÍÛÌÕɯ

lead to aggressive tuning with significant overshoot [5].  

Traditional methods relying on written calculations can be abstract for students who 

lack hands-on experimentation and direct observation. Using simulation software such as 

MATLAB [12] is a great improvement because changes in the PID controller are instanta-

neously visible, and modification of parameters is straightforward. The problem of ab-

ÚÛÙÈÊÛÕÌÚÚɯÈÙÐÚÌÚɯÉÌÊÈÜÚÌɯÚÛÜËÌÕÛÚɯËÖÕɀÛɯÚÌÌɯÙÌÈÓɯÚàÚÛÌÔÚȮɯÉÜÛɯÖÕÓàɯÛÏÌɯÔÈÛÏÌÔÈÛÐÊÈÓɯÌßɪ

pression of the system. For this reason, a physical tool would be a great addition to the 

educational process because students could get a hands-on experience with the mechani-

cal system and its control [6]. Simplicity of design and low cost were essential to ensure 

easy replication. Controlling the speed and position of a DC motor is on e of the most com-

mon methods for teaching PID control using real -world systems. 

2. Methodology  

To achieve a simple, effective, and low-cost solution, the components were selected 

based on their suitability for the application and availability. The DC motors chosen were 

Rk-370CA-18260 from the company Mabuchi Motor. The parameters of the motor, based 

on its datasheet [8], are: 

¶ Operating voltage: 12 V; 

¶ Max torque: 3,52 mNm; 

¶ Speed under load: 8500 RPM; 

¶ Output under load: 2.35W.  

The motors were chosen based on the encoders on the units, their availability during 

the project's development, and their suitable parameters. The selected components were 

first individually tested to verify their functionality, then connected into a circu it to con-

firm proper communication and overall system operation. The motors, along with their 

encoders, are connected to the Arduino Uno platform. This platform was chosen as the 

best-suited due to its ease of use and robustness [7]. The circuit was designed in Fritzing 

[9] as shown in Figure 1. The Rk-370CA-18260 motors are controlled using the H-bridge, 

specifically the L298N model. L298N was selected because it can control two motors in-

dependently and protects a low -power Arduino controller from high loa d on pins and 

EMF (electromagnetic force) voltage spikes. The H-bridge requires a separate power sup-

ply that is adjustable. The power supply chosen was Diametral R124R50E. The Arduino 

remains connected to the PC continuously to display the specified values as graphs. But-

tons were added to the system to allow dynamic, separate speed adjustments for both 

motors. PWM (Pulse Width Modulation) is used to control motor speed. The first motor 

is operated with three buttons that set fixed PWM levels of 0, 50, and 100. The second 

motor is controlled by two buttons that increase or decrease the PWM value by 1. The first 

motor operates at fixed setpoints for PID speed control testing, while the second motor 

serves as a variable load. The wiring diagram is shown in Figure 1. 
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Figure 1. Wiring diagram of the educational tool . 

The educational tool was programmed using Arduino IDE. The sequence of opera-

tions within the program is presented in the accompanying scheme in Figure 2. The pro-

gram begins by setting the initial parameters, defining which Arduino pins will function 

as inputs and which as outputs. Then the system reads the input value of the buttons 

controlling the speed of the motors. After the input reading, the velocity of the main motor 

is computed with the encoder data and filtered with a noise filter. A low -pass filter with 

a passband of 25 Hz was selected. The mathematical notation of the filter is:  

v f = 0.854 * vfp + 0.0728 * v + 0.0728 * vp, (2) 

 where vf is the filtered angular velocity value, vfp is the previous angular velocity filtered 

value, v is the velocity value without filtering, and vp is the previous velocity value with-

out filtering [10].  

Smoothed out velocity measurement was then used to calculate the PID controller. 

For this tool, only the proportional and integral control was implemented. The output of 

the calculation is then used to control the motor speed. Lastly, the current and desired 

speeds of the first motor are plotted in the Serial Plotter, along with the current speed of 

the second motor. 

Regarding data processing and sampling, the control loop operates with a dynamic 

sampling period calculated using the micros() function. The elapsed time is measured be-

tween consecutive speed calculations to ensure the velocity estimation remains accurate 

despite variations in execution time. The typical sampling frequency observed during op-

eration is approximately 150ɬ200 Hz, which is well above the Nyquist frequency required 

for the motor's mechanical time constant. The velocity was calculated by monitori ng the 

change in encoder pulses relative to elapsed time. 
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Figure 2. Flowchart of the educational tool control algorithm.  

All components were housed in a plastic junction box for easier manipulation and 

overall compactness. The junction box was chosen because it was easy to mount motors 

on it, as it is made of plastic and has drill holes in it for the connection of components . The 

motors are mounted on top of the container using custom 3D-printed brackets. The motors 

face each other and are connected with a flexible coupler. In addition to the motors, two 

banana sockets are included to allow them to be powered externally using an adjustable 

power supply. During testing, two additional banana sockets were added for the motor 

encoder, but they are not necessary because the encoders are connected directly to the 

Arduino board. The control buttons for the motors are located on the front side of the 

container. They are also placed in 3D-printed sockets. On the back side of the container, 

there is a visible Arduino Uno power connector.  

 

Figure 3. Complete educational tool.  
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3. Results 

The performance of the educational system was evaluated through real -time moni-

toring and analysis using Arduino IDE Serial Monitor and Serial Plotter. These tools ena-

bled continuous observation of the motor speed response, controller behavior, and system 

stability during operation. For the experimenta l evaluation, the PID controller was con-

figured as a PI regulator, with the proportional gain set to K p = 5 and the integral gain set 

to K i = 10. These values were selected to achieve a balance between response speed and 

stability. There were two reasons for choosing to leave out the derivative gain. First, when 

regulating motor speed, the system can be characterized as a first-order system, which is 

inherently stable and thus well -suited for PI control without the need for additional 

damping. Second, derivative gain has the potential to amplify high -frequency artifacts 

from encoders. Since the system already utilizes a low-pass filter, the lag introduced by 

this filtering negates the benefits of the derivative gain and introduces unstable PWM out-

put.  

The results show that the regulated speed of the primary DC motor closely followed 

ÛÏÌɯËÌÚÐÙÌËɯÚÌÛ×ÖÐÕÛȭɯ3ÏÌɯÔÌÈÚÜÙÌËɯÔÖÛÖÙɯÚ×ÌÌËɯÙÌÔÈÐÕÌËɯǷƔȭƕƗɯ1/,ɯÞÏÐÓÌɯÛÏÌɯËÌÚÐÙÌËɯ

ÚÌÛ×ÖÐÕÛɯÞÈÚɯÚÌÛɯÛÖɯƕƔƔɯ1/,ȭɯ6ÏÌÕɯÚÌÛɯÛÖɯƙƔɯ1/,ȮɯÛÏÌɯÔÌÈÚÜÙÌËɯÚ×ÌÌËɯÐÚɯǷɯƕɯ1/,ȭɯ6ÏÌÕɯ

the load motor operated at a speed closely matching that of the main motor, the PI con-

troller successfully regulated the main motor speed, with the deviation from the no -load 

ÊÖÕËÐÛÐÖÕɯÙÌÔÈÐÕÐÕÎɯÞÐÛÏÐÕɯǷƕȭƙɯ1/,ɯÐÕɯÉÖÛÏɯÊÈÚÌÚȭɯ3ÏÌɯ×ÖÞÌÙÐÕÎɯÖÍɯÛÏÌɯÔÈÐÕɯÔÖÛÖÙɯÖÕɯ

the 100 RPM setpoint was also analyzed, and the maximum oscillation was measured at 

110.54 RPM. The system response observed in the Serial Monitor confirms smooth con-

vergence to the desired speed without excessive oscillations or instability. For educational 

purposes, the value of proportional and integrational gains can easily be modified to test 

other possible configurations. Figures 4, 5, and 6 show a Serial monitor in different sce-

narios. 

 

Figure 4. Main motor speed set to 100 RPM. 
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Figure 5. Main motor speed set to 50 RPM. 

 

Figure 6. Main motor speed set to 0 RPM. 

4. Conclusions 

This article presented the design, implementation, and experimental evaluation of a 

low -cost educational tool for teaching PID control. The purpose of this educational tool is 

to bridge the gap between theoretical and practical experience of controlling a DC motor 

with a PID controller. By combining real -time hardware interaction with intuitive soft-

ware visualization through the Arduino IDE, the developed system enables students to 

directly observe the change of controller parameters. The experimental results demon-

strate that the implemented PI controller achieved stable and accurate speed regulation 

across multiple operating conditions. The controller maintained the desired speed with 

ÔÐÕÐÔÈÓɯËÌÝÐÈÛÐÖÕÚɯÖÍɯǷƕȭƙɯ1/,ɯÞÐÛÏɯÓÖÈËɯÈÕËɯǷƕɯ1/,ɯÞÐÛÏÖÜÛɯÓÖÈËȭɯ3ÏÌɯÚÐÔplicity of 

the hardware design, the use of widely available components, and overall low cost make 

the system easy to replicate and suitable for the study of motion control. Furthermore, the 

ability to modify controller gains in real time provides a valuabl e platform for experimen-

tation and a deeper understanding of PID tuning methods. In the future, the created edu-

cational tool can be improved by utilizing Simulink in combination with Arduino to create 

a more complex system with simple data collection.  

While the developed tool provides an effective platform for basic DC motor speed 

control, there are certain limitations to be addressed. The use of L298N H-bridge intro-

duces a voltage drop and thermal losses, which may cause problems during longer use 

sessions. Also, the reliance on Arduino C++ coding is a limitation, because to change the 

PID regulator parameters or modify the motor's behavior, the code needs to be rewritten. 
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The use of a flexible coupler can also pose a problem due to occasional slips from the 

motors. 

Future iterations of this educational tool will incorporate MATLAB and Simulink in-

tegration, enabling the transition from embedded C++ coding to a Model -Based Design 

approach. Moreover, the independent speed measurement can be integrated to provide 

feedback, allowing for better verification of the controller's accuracy.  
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chitecture for Industrial Data Exchange  
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Abstract: This paper presents a prototype system for real-time video transmission between hetero-

geneous computing platforms, specifically a Windows -based workstation and an industrial com-

puter running Ubuntu Linux. A USB camera connected to the Windows system serves as the image 

source, while video data are transmitted over a local network usin g the ZeroMQ (ZMQ) messaging 

framework and processed with OpenCV. The primary objective of this work is to establish a stable 

and reproducible baseline for future vision -based industrial applications.  The proposed solution 

focuses on reliable image transfer, qualitative latency evaluation, and practical implementation as-

pects. Experimental results demonstrate that continuous video streaming can be achieved with 

near-real-time performance, while maintaining sufficient image quality for visual inspection and 

preliminary analysis. Particular attention is given to color fidelity and cross -platform differences in 

image handling, which were identified as important practical challenges. Latency was measured in 

milliseconds and evaluated qualitatively using graphica l representations. The presented system 

represents an initial milestone toward more advanced applications, such as real-time tracking and 

feature extraction, leveraging the computational capabilities of industrial Linux -based hardware. 

Keywords: ZeroMQ, video streaming, industrial computer, computer vision, Windows ɬLinux com-

munication  

 

1. Introduction  

The integration of vision -based sensing into industrial and research environments 

increasingly relies on heterogeneous computing architectures, where different operating 

systems and hardware platforms must cooperate in real time. In practice, it is common to 

encounter scenarios where data acquisition is performed on a general-purpose work-

station running Microsoft Windows, while subsequent processing, analysis, and control 

tasks are delegated to an industrial computer operating under Linux. This separation i s 

often motivated by hardware compatibility, availability of drivers, or the need to exploit 

the computational robustness and long-term stability of industrial Linux -based systems. 

A key challenge in such distributed architectures is the reliable and low -latency trans-

fer of image data. Camera streams represent high-bandwidth, time -sensitive information, 

and any degradation in transmission quality ɭsuch as increased latency, jitter, frame loss, 

or color distortion ɭcan significantly reduce the usefulness of the acquired data for down-

stream tasks. These tasks may include object detection, feature extraction, motion track-

ing, or higher -level perception algorithms that depend on consistent visual input.  

This paper presents a practical study focused on the design and evaluation of a pro-

totype communication pipeline for real -time video transmission between a Windows -

based system and an industrial computer running Ubuntu Linux. The communication is 

implement ed using the ZeroMQ (ZMQ) messaging framework, selected for its light-

weight design, high throughput, and suitability for distributed systems. A USB camera 
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connected to the Windows machine serves as the image source, while the Linux system 

acts as the receiver and visualization endpoint. 

The primary motivation of this work is to establish a stable and reproducible baseline 

for future research involving real -time visual data processing on industrial hardware. Par-

ticular attention is given to transmission quality, qualitative latency behavio r, and practi-

cal implementation issues encountered during development. The presented solution is 

intended as an initial milestone toward more advanced applications, such as real-time 

tracking of points, objects, or positions, where the industrial computer provides the main 

computational capacity. [1 -3] 

2. Materials and Methods  

2.1. System Architecture 

The proposed system consists of two physically separate computing units connected 

via a local network:  

¶ A Windows -based workstation , responsible for camera access and image 

acquisition.  

¶ An industrial computer running Ubuntu Linux , responsible for receiving, 

decoding, and displaying the video stream.  

The USB camera is directly connected to the Windows machine. Captured frames are 

processed using the OpenCV library and transmitted over the network using a ZMQ -

based publisherɬsubscriber communication pattern. The Linux system subscribes to the 

video stream, reconstructs the frames, and displays them in real time. [1-2] 

 

Figure 1. Block diagram. 

2.2. Hardware and Software Components 

The camera used in this study is a standard USB 2.0 webcam capable of VGA and 

HD resolutions. During experiments, multiple operating points were evaluated, including 

ÙÌÚÖÓÜÛÐÖÕÚɯÖÍɯƚƘƔǺƘƜƔɯÈÕËɯƕƖƜƔǺƛƖƔȮɯÞÐÛÏɯÍÙÈÔÌɯÙÈÛÌÚɯÜ×ɯÛÖɯÛÏÌɯÔÈßÐÔÜÔɯÚÜ××ÖÙÛÌËɯÉàɯ

the device under given lighting conditions.  

On the software side, the following components were employed:  

¶ OpenCV  for camera access, frame capture, and image handling. 

¶ ZeroMQ  (ZMQ) for message-oriented communication between systems. 

¶ Python 3  as the implementation language on both platforms.  
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The choice of ZeroMQ (ZMQ) was motivated by its simplicity, cross -platform sup-

port, and ability to handle high -frequency message streams without the overhead of heav-

ier middleware solutions. Compared to broker -based communication systems such as 

MQTT or RabbitMQ, ZeroMQ operates without requiring a dedicated message broker, 

which simplifies deployment in experimental environments. In addition, its efficient 

socket-based architecture enables low-latency data transmission, making it suitable for 

real-time transfer of high-frequency image frames between heterogeneous systems. [1] 

2.3. Video Transmission Pipeline 

.ÕɯÛÏÌɯ6ÐÕËÖÞÚɯÚÐËÌȮɯÍÙÈÔÌÚɯÈÙÌɯÊÈ×ÛÜÙÌËɯÍÙÖÔɯÛÏÌɯÊÈÔÌÙÈɯÜÚÐÕÎɯ.×ÌÕ"5ɀÚɯ5ÐËÌɪ

oCapture interface. To maintain compatibility and minimize preprocessing overhead, 

frames are kept in RGB/BGR format as provided by the camera driver. Each frame is then 

compressed using cv2.imencode(), allowing flexible adjustment of compression parame-

ters while preserving color fidelity as much as possible.  

The encoded frame data are transmitted as binary payloads via a ZMQ PUB socket. 

On the Linux side, a corresponding SUB socket receives the data stream, decodes each 

frame using OpenCV, and displays it in a dedicated visualization window.  

Both sender and receiver include graphical user interface elements that allow the user 

to terminate execution gracefully via an on -screen STOP control. This feature was intro-

duced to support repeated experimental runs and controlled testing without relianc e on 

terminal -based interruption. [2,3]  

2.4. Latency Measurement Approach 

Latency was evaluated qualitatively by embedding timing information into the trans-

mitted data and measuring the elapsed time between frame capture on the Windows sys-

tem and frame display on the Linux system. Measurements were performed in millisec-

onds. 

Rather than focusing on absolute numerical values in this paper, the emphasis is 

placed on the observed latency behavior and its stability over time. The detailed numerical 

results are visualized using dedicated graphs. [4,5] 

 

Figure 2. Graph of raw latency.  
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Figure 3. Graph of latency percentil.  

2.5. Practical and Technical Challenges 

Several practical issues were encountered during development. These included cam-

era driver behavior under Windows, differences in default color handling between local 

preview and transmitted video, and platform -specific limitations related to graphical use r 

interfaces. In particular, color fidelity required careful handling to avoid unintended gray-

scale or desaturated output after transmission and decoding. 

Additionally, ensuring smooth frame delivery without excessive buffering proved 

essential for maintaining acceptable responsiveness, especially when operating near the 

ÊÈÔÌÙÈɀÚɯÔÈßÐÔÜÔɯÍÙÈÔÌɯÙÈÛÌȭ 

3. Results 

The experimental setup enabled continuous video streaming from the Windows -

based camera system to the Linux industrial computer without critical interruptions. At 

ÉÖÛÏɯÛÌÚÛÌËɯÙÌÚÖÓÜÛÐÖÕÚɯȹƚƘƔǺƘƜƔɯÈÕËɯƕƖƜƔǺƛƖƔȺȮɯÍÙÈÔÌÚɯÞÌÙÌɯÚÜÊÊÌÚÚÍÜÓÓàɯÙÌÊÖÕÚÛÙÜÊÛÌËɯ

and displayed in real time, with higher resolutions increasing bandwidth demands but 

remaining usable within the local network.  

Qualitative evaluation showed that scene structure and motion were preserved suf-

ficiently for visual inspection and preliminary analysis. Minor compression artifacts and 

reduced color saturation were observed on the Linux receiver compared to the local Win-

dows preview, indicating the influence of encoding and cross -platform color handling.  

Latency measurements, expressed in milliseconds, confirmed near-real-time behav-

ior with moderate variability typical for user -space network communication. Quantitative 

analysis of the recorded latency values shows that the median latency was approximately 

3 ms. The 90th percentile reached about 6.5 ms, while the 95th percentile was around 8 

ms. Occasional spikes were observed in the latency distribution, with rare peaks ap-

proaching approximately 90 ms, as illustrated in Figure 2. The percentile -based overview 

shown in Figure 3 further confirms that the majority of transmitted frames experience low 

latency, indicating stable real-time transmission under the tested conditions.  

Overall, the results demonstrate that the proposed ZMQ -based pipeline is stable and 

suitable as a baseline for further development of real-time industrial vision applications.  

4. Discussion 

The experimental results demonstrate that ZMQ provides a viable foundation for 

real-time video streaming between heterogeneous operating systems in a laboratory or 

industrial setting. The achieved transmission quality was sufficient for visual inspection 

and preliminary testing, confirming that the chosen architecture can support further de-

velopment toward more complex vision -based tasks. 
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Latency measurements indicate that frame transfer delays remain within a range 

suitable for non-safety-critical real -time applications. While individual latency values 

vary depending on network conditions and encoding parameters, the overall behavior 

suggests that the system can be tuned for improved performance if required.  

A noteworthy outcome of this work is the identification of color processing as a non-

trivial aspect of cross-platform video streaming. Even when raw frames appear correct on 

the source system, differences in encoding, compression, or decoding stages can introduce 

perceptual artifacts. Addressing these issues early is crucial, as color integrity directly af-

fects the reliability of subsequent computer vision algorithms.  

From a broader perspective, the presented prototype highlights the importance of 

systematic testing and incremental validation. By first focusing on stable image transfer 

and qualitative latency evaluation, a solid foundation is established for future exte nsions 

involving real -time feature detection, tracking, and data fusion on the industrial com-

puter.  

5. Conclusions 

This paper presented a prototype system for real-time video transmission between a 

Windows -based camera node and a Linux-based industrial computer using ZeroMQ and 

OpenCV. The work demonstrates that such a heterogeneous setup can achieve stable im-

age transfer with acceptable latency characteristics, making it suitable as a baseline for 

further research and development.  

The conducted experiments represent an initial milestone toward building a robust 

testing environment for vision -based industrial applications. Beyond basic image stream-

ing, the system is designed to support future extensions involving real -time extraction of 

positions, points of interest, and other visual features, leveraging the computational capa-

bilities of industrial hardware.  

Future work will focus on systematic latency optimization, quantitative performance 

evaluation under varying network loads, and integration of real -time vision algorithms. 

The insights gained from addressing practical issues such as color fidelity and cross-plat-

form compatibility will inform the design of more advanced and reliable industrial vision 

systems. 
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Abstract: The paper investigates the thickness changes in the cup wall during multi -stage deep 

drawing of a bearing housing under production -experiment conditions. The paper presents the 

methodology used to evaluate both material formability and wall -thickness variation. As the exper-

imental material, a drawing -quality cold -rolled steel sheet KOHAL 240 was used. Finally, the study 

discusses the experimental results concerning material formability and the measured wall -thickness 

distributions of the cups prod uced within the production experiment, together with their graphical 

representation. Thickness was measured manually by micrometer with point contact tips and by 

modern method based on contactless scanning by GOM Scan1 and Zeiss Scanport device. Results 

of thickness in each draw showed good agreement in the course and the values of thickness with a 

small deviation when compared to manually measured ones.  

Keywords: deep drawing, bearing -housing, thickness change, scanning 

 

1. Introduction  

Among sheet-metal forming operations, deep drawing represents one of the most 

complex deformation process in terms of the mechanical deformation modes involved, 

particularly when considering its anisotropic character. The complexity of the deep -draw-

ing process is further intensified by the fact that, throughout the real operation ɭ from 

the blank to the final cup ɭ different mechanical deformation modes act on the same 

regions of the material. Thus, mentioned results in localized deformation in speci fic re-

gions of the cup wall. [1].  

 In real deep-drawing operations, the uniformity of the final cup -wall thickness is 

influenced by the fact that different stress and strain modes are active in various regions 

of the wall throughout the drawing process. Consequently, the wall thickness of the 

drawn cup exhibits variations along the cup curvilinear when compared with the initial 

sheet thickness: a ȁ ÈƼ when deep-ËÙÈÞÐÕÎɯȹÛÈÕÎÌÕÛÐÈÓɯÚÛÙÌÚÚȺɯ×ÙÌÝÈÐÓÚɯȹÍÓÈÕÎÌȺɯÖÙɯÈɯȀɯÈƼɯ

when single- or bi- axial stretching prevails (radii, cup wall);  ÞÏÌÙÌɯ ÈƼɯ Ðs initial sheet 

thickness and a is actual sheet thickness. [2] 

The situation regarding wall -thickness evolution during cup drawing is further com-

plicated by the fact that real sheet metals are not isotropic materials; instead, they exhibit 

anisotropy in their mechanical and plastic properties. As a result, the deep -drawing pro-

cess itself becomes anisotropic, which manifests as a directional dependence of the cup-

wall thickness relative to the sheet-rolling direction [1,2].  

Nowadays advanced measurement instruments and techniques to ensure product 

quality assurance are implemented in factories. By employing specialized tools such as 

3D scanners and dedicated post-processing software, physical parts can be accurately con-

verted into digital CAD models [3,4].  Through the application of triangulation principles 

that transform 2D digital images into spatial coordinates, photogrammetric algorithms 
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ÊÈÕɯÈÊÊÜÙÈÛÌÓàɯÙÌÊÖÕÚÛÙÜÊÛɯÈÕɯÖÉÑÌÊÛɀÚɯÚÜÙÍÈÊÌɯÈÚɯÈɯËÐÔÌÕÚÐÖÕÈÓÓàɯÍÈÐÛÏÍÜÓɯƗ#ɯËÐÎÐÛÈÓɯÔÖËÌÓɯ

[5]. 

The aim of the article is to compare thickness change measurement in three stage 

deep drawing process when evaluated by manual measuring using micrometer and by 

modern scanning method and its evaluation in specialized software.  

2. Materials and methodology of experiment  

Research of the wall thickness changes was carried out on a bearing housing stamped 

part, the production process for which was designed in our Institute and whose was pro-

duced by CHEMES, a. s. Humenne. The technological production process consists of three 

drawing operations (Fig. 1) and two subsequent calibration operations (not included in 

the research). In the first drawing, a cylindrical cup with a flat bottom is drawn. Then 

reverse drawing is performed in the second draw when the flange and rim are for med. In 

the third draw, cup cylinder is reduced while the flange and rim are calibrated. [6]  

 

Figure  1. The technological process of bearing housing production step by step. 

The production of blanks for research was carried out on tools under conditions cor-

responding to the actual conditions of bearing housing blank production. Plastic foil made 

of linear polyethylene (lPE) JK 283 815 100 710, thickness 0.015 mm, trade name Mikroten 

(SK), was used as a lubricant. 

As part of a production experiment, KOHAL 240 cold -rolled deep-drawn steel sheet 

with a nominal thickness of a 0 = 2.0 mm was examined. The material formability of the 

examined sheet was evaluated by following tests: mechanical properties by ISO 6892-1), 

normal anisotropy by ISO 10113, strain-hardening exponent by ISO 10250. Deep drawing 

test according to Schmidt determined limit drawing ratio m m = 0.462. 

Table 1. Chemical composition of KOHAL 240 [wt %] . 

C Mn  Si P S Al  Cu Ni  Cr O2 N 2 

0.054  0.19 0.02 0.014 0.016 0.053 0.031 0.014 0.021 0.0166 0.0045 
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Table 2. Mechanical properties and anisotropy parameters of KOHAL 240 . 

 Smer RP0,2 

[MPa] 

Rm 

[MPa] 

A80 

[%] 

PRP0,2 

[%] 

PRm 

[%] 

PA80 

[%] 

r rm ͅÙ n nm ͅÕ 

KOHAL 240  ƔȘ 156 300 45.8    1.71 

1.37 0.68 

0.243 

0.241 0.007 ƘƙȘ 171 314 40.4 10 5 -12.0 1.03 0.237 

ƝƔȘ 158 301 46.5 2 0 1.5 1.71 0.247 

2.1. Measuring by micrometer 

When measuring changes in wall thickness in individual drawing operations, a mi-

crometer with point contact tips with an accuracy of 0.01 mm clamped in a stand was used 

as a measuring device. The thickness of the individual stamped part was measured in the 

areas as indicated in Fig. 1 for each draw. The imaginary cutting plane through the center 

of the stamped part, along which the thickness measurements were taken, was oriented 

ÈÛɯƔȘȮɯƘƙȘȮɯÈÕËɯƝƔȘɯÙÌÓÈÛÐÝÌɯÛÖɯÛÏÌɯÙÖÓÓÐÕÎɯËÐÙÌÊÛÐÖÕȭɯ3ÖɯÍÈÊÐÓÐÛÈÛÌɯÈÊÊÌÚÚɯÛÖɯÛhe measured 

locations, the part was cut with a hacksaw at a distance of 5 mm from the imaginary cut-

ting plane. The position of the points at which the wall thickness of the part was measured 

was determined by a scale - a flexible ruler with 1 mm divisions,  which was used to mark 

the measured points with a marker at 3 mm intervals in the specified directions. The start-

ing point of the ruler was identical to the center of the part.  

2.2. Scanning by optical scanner GOM Scan1 

The wall thickness of the parts was assessed using a non-contact optical 3D scanning 

method. For this purpose, a GOM Scan 1 structured-light scanner with a measuring vol-

ume of MV 400 was used (Fig. 2). Scanner was mounted on Scanport arm. Three-dimen-

sional surface models were subsequently generated in ZEISS Inspect Pro software. Ac-

cording to the instrument specification and ISO 10360 performance criteria, the system 

provides a dimensional accuracy of 0.02 mm and can capture approximately 6 million 

points within a scanning field of 4 ƔƔɯǺɯƖƙƔɯÔÔȭ 

Prior to scanning, the samples were mounted on a motorized rotary table and posi-

tioned at the optimal working distance from the scanner. To ensure correct spatial align-

ment and sufficient overlap between consecutively captured frames, retro -reflective ref-

erence markers were applied to the surface of each cup. For complete geometric coverage, 

20 scans were acquired from both the inner and outer surfaces in angles between scanner 

ÈÕËɯÙÖÛÈÙàɯÛÈÉÓÌɯÖÍɯƖƔȘɯÈÕËɯƛƔȘȭɯ3ÏÌɯÙÖÛÈÙàɯÛÈÉÓÌɯÙÖÛÈÛÐÕÎɯÐÕɯƗƚȘɯÐÕÊÙÌÔÌÕÛÚɯÉÌÛween indi-

vidual scans. 

 

Figure  2. Scanning with GOM Scan 1 scanner setup with rotary table and SCANport .  
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3. Results and discussion 

Based on the mechanical properties, the values of the new deep drawing criteria, and 

the limit drawing ratio, it can be concluded that KOHAL 240 sheet metal is a typical deep -

drawing steel sheet of the EDDQ-S grade. The anisotropy of the strain-hardening expo-

ÕÌÕÛɯͅÕɯÐÚɯÈÓÔÖÚÛɯáÌÙÖɯȹƔȭƔƔƛȺȭɯ3ÏÌɯÚÛÙÈÐÕɯÏÈÙËÌÕÐÕÎɯÊÖÌÍÍÐÊÐÌÕÛɯÙɯÚÏÖÞÚɯÈɯÏÐÎÏɯËÌÎÙÌÌɯÖÍɯ

ÈÕÐÚÖÛÙÖ×àɯÞÐÛÏɯÈɯÔÐÕÐÔÜÔɯÐÕɯÛÏÌɯƘƙȘɯËÐÙÌÊÛÐÖÕɯÈÕËɯÈɯÔÈßÐÔÜÔɯÐÕɯÛÏÌɯƔȘɯÈÕËɯƝƔȘɯËÐÙÌÊɪ

ÛÐÖÕÚɯÈÎÈÐÕÚÛɯÛÏÌɯÙÖÓÓÐÕÎɯËÐÙÌÊÛÐÖÕȭɯ3ÏÌɯƘƙȘɯËÐÙÌÊÛÐÖÕɯÈÎÈÐÕÚÛɯÛÏÌɯÙÖÓÓÐÕÎɯËÐÙÌction is also the 

most unfavorable for the yield strength, tensile strength, and elongation.  

Based on the analysis of thickness variation as a function of the curvilinear coordi-

nate, derived from measurements of wall thickness changes in stamped parts after the 1st, 

2nd, and the 3rd ËÙÈÞÐÕÎɯÖ×ÌÙÈÛÐÖÕÚɯÐÕɯÛÏÌɯƔȘȮɯƘƙȘȮɯÈÕËɯƝƔȘɯËÐÙÌÊÛÐÖÕÚɯÙÌÓÈÛÐÝÌɯÛÖɯÛÏÌɯÙÖÓÓÐÕÎɯ

direction, it can be concluded that the maximum reduction in wall thickness occurred 

ÊÖÕÚÐÚÛÌÕÛÓàɯÐÕɯÛÏÌɯƘƙȘɯËÐÙÌÊÛÐÖÕɯÍÖÙɯÈÓÓɯËÙÈÞÐÕÎɯÚÛÈÎÌÚȭɯ3ÏÐÚɯËÐÙÌÊÛÐÖÕɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÛÏÌɯ

least favorable mechanical properties and the lowest value of the normal anisotropy coef-

ficient. The wall thickness variation curves for the stamped parts in this direction for the 

individual drawing operations are presented in Fig. 3, 4, and 5.  

The course of the wall thickness of the stamped part from the first draw, where the 

drawing coefficient m 1 = 0.719, shows a course typical for cylindrical cups with a flat bot-

tom when deep-drawn from a flange. In Fig. 3, 4 and 5, there are 3 lines, shown in the 

graph: the blue one represents initial thickness (2mm), green one represents the measure-

ment in the Zeiss inspect program and the red one represents the manual measurement 

with a micrometer. The thickness values measured in Zeiss Inspect will be ev aluated 

and the deviation from the values measured manually with a micrometer will be 

shown.  

In Fig. 3 there is no change in thickness in the area from 0 to A (bottom of the cup). 

In area A-B (radius between the bottom and the cup wall), there is a change in the thick-

ÕÌÚÚȮɯÞÐÛÏɯÛÏÌɯÔÐÕÐÔÜÔɯÝÈÓÜÌɯÖÍɯƕȭƜƜǷƔȮƔƕɯÔÔȭɯ3ÏÌɯËÐÍÍÌÙÌÕÊÌɯÐÕɯÔÌÈÚÜÙÌÔÌÕÛÚɯÜÚÐÕg the 

scanner and the micrometer was more pronounced at the edge of the part, where the dif-

ference is 0.08 mm. 

 

Figure 3. The wall thickness change of the bearing housing part in the 1st draw . 

During the second draw, the stamped part is drawn in reverse direction, creating a 

flange and a rim. Different parts of the stamped part undergo varying degrees of thinning 

and strengthening. Along with the thickness change curves, several local maxima of thick-

ness can be observed in individual parts of the stamped part. On Fig 4 in the interval 0-A 

(bottom of the part), the material thickness changed from the original 2 mm (blank) to 

ƕȭƜƙǷƔȮƔƕɯÔÔɯÖÕɯÈÝÌÙÈÎÌȭɯ(ÕɯÛÏÌɯÐÕÛÌÙÝÈÓɯ -B (radius between the bottom and the wall of 

ÛÏÌɯ×ÈÙÛȺȮɯÛÏÌɯÔÖÚÛɯÚÐÎÕÐÍÐÊÈÕÛɯÊÏÈÕÎÌɯÐÕɯÛÏÐÊÒÕÌÚÚɯÖÊÊÜÙÚɯÞÐÛÏɯÈɯÝÈÓÜÌɯÖÍɯƕȭƛƗǷƔȮƔƕɯÔÔȭɯ(Õɯ

the area B-C (wall of the part), the material thickness is 1.78mm on average. In the area  
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C-D (transition between the wall of the part and the flange), the material thickness rises 

Ü×ɯÛÖɯÈɯÝÈÓÜÌɯÖÍɯƖȭƔƝǷƔȮƔƕɯÔÔȭɯ(ÕɯÛÏÐÚɯÈÙÌÈȮɯÛÏÌÙÌɯÐÚɯÈÓÚÖɯÈɯÔÖÙÌɯÚÐÎÕÐÍÐÊÈÕÛɯËÐÍÍÌÙÌÕÊÌɯÉÌɪ

tween the values measured by both measurement methods, with differences of 0.07 mm. 

In the area D-$ɯȹÍÓÈÕÎÌȺȮɯÛÏÌɯÔÈÛÌÙÐÈÓɯÛÏÐÊÒÕÌÚÚɯÞÈÚɯƖȭƔƝƗǷƔȮƔƕɯÔÔȭɯ(ÕɯÛÏÌɯÈÙÌÈɯ$-F (rim), 

ÛÏÌɯÔÈÛÌÙÐÈÓɯÛÏÐÊÒÕÌÚÚɯÞÈÚɯƖȭƖƗǷƔȮƔƕɯÔÔȭ 

 

Figure 4. The wall thickness change of the bearing housing part in the 2nd draw . 

In the third draw (Fig.5), when the cup is reduced and the flange calibrated, the 

course of the thickness change does not change significantly. In area 0-A (bottom of the 

part), there was no change in thickness compared to the previous drawing stage. In area 

A-B (radius between the bottom and the wall of the part), there was a change in thickness 

compared to the previous drawing stage, on average ÉàɯƔȭƕƜǷƔȮƔƕɯÔÔȭɯ3ÏÌɯÓÈÙÎÌÚÛɯËÐÍÍÌÙɪ

ence between the measurements with the scanner and the micrometer is also observed in 

this area. In the area B-C (wall of the part), there was a decrease in thickness by 0.09 mm 

on average due to a change in the height of the cylindrical wall of the part. In the area C-

D (transition between the wall of the part and the flange), already in this third drawing 

stage, there is a decrease in thickness due to a change in the height of the part. In the area 

D-E (flange) and the area E-F (rim), there are no significant changes in thickness. Thickness 

measurements across the entire cross-section do not show significant dev iations except 

for area D-E where measurement using a scanner showed a higher thickness of 0.08 mm. 

 

Figure 5. The wall thickness change of the bearing housing part in the 3rd draw . 

By comparing the accuracy of contact micrometer measurements and non-contact 

scanner measurements, it is possible to state a higher accuracy of thickness measurements 

ÉàɯÊÖÕÛÈÊÛɯÔÐÊÙÖÔÌÛÌÙɯÐÕɯÛÏÌɯÙÈÕÎÌɯÖÍɯǷƔȭƔƔƙȭɯ'ÖÞÌÝÌÙȮɯÛÏÌɯÈÊÊÜÙÈÊàɯÖÍɯËÌÛÌÙÔÐÕÐÕÎɯÛÏÌɯ
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position of the thickness measurement relative to the center of the stamped part must be 

ÊÖÕÚÐËÌÙÌËȮɯÞÐÛÏɯÈÕɯÈÊÊÜÙÈÊàɯÖÍɯǷƔȭƙɯÔÔȭɯ ÛɯÛÏÌɯÚÈÔÌɯÛÐÔÌȮɯÕÖÕ-contact measurement 

using the SCANport device allows you to measure the thickness of the yield with the ac-

curacy of the position of the measured point (the place of thickness measurement) from 

0.0005 to 0.035 due to the triangulation of the point cloud when converted to .stl format. 

The accuracy of the scanner measurement also depends on the measuring volume, which 

is given by the number of scanned points. 

4. Conclusions 

Based on the experimental research conducted, the following conclusions can be 

drawn:  

1. The change in the wall thickness in the first drawing stage is typical for cylindrical 

parts with a flat bottom deep -drawn from a flange. The greatest thinning was meas-

ured at the bottom to wall radius.  

2. The change in the wall thickness in the second stage (reverse drawing) shows several 

local minima: 1 st local minimum at the transition from the bottom to the cylindrical 

wall (critical point of the housing), 2 nd local minimum in the cylindrical wall of the 

part (its position corresponds to the maximum thinning of the thickness from the first 

stage ɬ in this part of the housing, the inheritance of thickness changes from the first 

stage of drawing is evident), 3rd local minimum at the flange to rim radius.  

3. The course of the thickness change in the third draw is analogous to the course of the 

change in the thickness change in the second draw but shifts to lower values. The 

minimum thickness was found at the bottom to wall radius of the housing (critical 

point  of the part).  

4. The directional dependence of thickness changes correlates with the normal anisot-

ropy coefficient ɬ the most unfavorable direction on the part in terms of thickness 

changes is the direction of the significant minimum value of the normal anisotropy 

coefficient. 

Measuring material thickness using a 3D scanner offers more comprehensive and 

surface-representative data compared to a micrometer, as it enables analysis of the entire 

object rather than only local measurement points. A significant advantage is the non -con-

tact nature of the measurement, which eliminates the risk of material deformation and 

increases accuracy, especially for thin-walled or soft samples. Through 3D scanning, it is 

possible to obtain a detailed thickness distribution map and to identify local  deviations, 

inhomogeneities, and manufacturing defects that point -based micrometer measurements 

may fail to detect. In addition, a 3D scanner allows digital data archiving, repeated anal-

yses, and integration into CAD/CAE systems, thereby substantially imp roving the effi-

ciency of quality control and research processes. 
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Design of a Double -Axle Bogie for Regional Rail Vehicles  
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Abstract: Rail transport is an integral part of transport infrastructure and is therefore considered 

one of the leaders in sustainable mobility, mainly due to its low environmental impact. It offers 

ecological and economic advantages over other modes of transport, as it can transport both people 

and various types of goods over short and very long distances. In order to ensure the environmen-

tally friendly, comfortable, and safe transport of people and goods by rail, it is necessary to have 

rolling stock with  good running characteristics. Currently, there is a growing need for innovative 

solutions in various transport sectors that increase efficiency, comfort, reliability, and environmen-

tal sustainability, and therefore it is necessary to create innovative rail vehicles for passenger 

transport. These vehicles are equipped with different types of bogies, which have different running 

characteristics. Since the dynamic and running characteristics of rail vehicles depend on a large ex-

tent on the design of the bogie, increased attention is required when designing rail vehicle bogies. 

The bogie of a rail vehicle essentially always represents a certain compromise between suitable char-

acteristics when running on the track. This article focuses on the design and creation of an innova-

tive double -axle bogie for passenger rail vehicles. The proposed design will reflect the latest require-

ments for safety, comfort, and environmental sustainability in rail transport. The aim of the project 

is to create an operationally efficient bogie that will be suitable for implementation in new as well 

as modernized regional and suburban trains. Its design features an internal steel frame that includes 

a primary and secondary suspension system. The next phase will involve the development of a 

technical design for the new bogie concept and the creation of a 3D model in Autodesk Inventor 

software. 

Keywords: rail vehicles, a double-axle bogie, a bogie frame 

 

1. Introduction  

Rail transport is rightly considered a leader in sustainable mobility, primarily due to 

its environmental friendliness. In a period of rapid technological development and con-

stant change in the transport industry, it is very important to seek innovative so lutions 

that will contribute to increasing the efficiency, reliability, and environmental sustainabil-

ity of transport systems. Although rail transport is perceived as an environmentally 

friendly alternative, its popularity among passengers is mainly due to  its high level of 

comfort, safety, relatively dense network of connections, and speed of transport [17]. 

One of the main priorities of modern development in rail transport is the design of 

vehicles that can meet increasingly stringent requirements for performance, passenger 

comfort, and environmental protection. Public interest in rail transport also raises e xpec-

tations regarding the safety and comfort of vehicles. However, a major challenge remains 

the fact that the rolling stock is outdated in many countries and often exceeds its technical 

service life. To reduce costs, transport operators are therefore resorting to modernizing 

older vehicles, which prolongs their operation but generally fails to meet the environmen-

tal and technological standards of new rail vehicles.  
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This approach is not correct, and the best option for maintaining and increasing pas-

senger interest in rail transport is to build new, modern, safe, and comfortable low -floor 

vehicles. 

This objective is met by regional units, which are capable to run on local lines. These 

vehicles represent an innovative response to the demands of the modern railway industry. 

Their design of a bogie allows for more flexible and efficient use of the railw ay network, 

improves passenger comfort, and reduces the negative impact on the environment. 

2. A rail vehicle bogie  

The bogie bears all loads from the vehicle body and is also a key element in wheel-

rail interaction. The bogie itself consists of a frame, wheels, axles, suspension components, 

and traction and braking units, which are exposed to static and dynamic loads. For this 

reason, the bogie structure must be sufficiently strong, but at the same time flexible, so 

that it meets the requirements of technical standards, in particular the EN 13749 standard 

[1, 7]. 

Currently, the main goal is to achieve the largest possible low-floor section of the 

vehicle, which is, however, limited by the wheelbase and the distance between the chassis 

pivot pins. The vehicle must be able to safely and reliably negotiate the small-radius 

curves characteristic of local tracks, which requires minimizing the difference between the 

wheelbase and the distance between the pivot pins ɭ ideally to the point where they are 

equal. This requirement calls for an innovative design that must also take into account the 

competitive market environment and the strict technical standards of the TSI for modern 

rail vehicles, in particular the TSI LOC&PAS and TSI PRM.  

Bogie weight optimization is a key factor not only from a technical but also from an 

economic point of view. Given that most components have already reached the limit of 

possible weight reduction, there is only limited scope for further reducing the struct ural 

weight of the bogie. One of the few components that still offers potential for weight opti-

mization is the bogie frame. 

In this context, the use of an internal bogie frame appears to be a promising solution. 

However, such a bogie frame brings complications, especially in the area of axle place-

mentɭwhich is exposed to the greatest bending momentɭand also due to the signifi-

cantly limited design space inside the frame. This space must accommodate all the neces-

sary structural elements, which is particularly challenging in a drive bogie, where drive 

mechanisms must also be integrated. 

When designing the bogie frame, it is also necessary to comply with the requirements 

of UIC 515 and ISO 5725 [5, 6], which ensure the reliability and safety of the vehicle's 

mechanical parts. 

Despite these technical complications, the potential for weight savings and improved 

functionality of the internal chassis frame remains attractive to manufacturers. This ap-

proach is being implemented by several global manufacturers of rail vehicles.  

3. A bogie frame  

A bogie frame is the basic and load-bearing part of the rail vehicle bogie. It carries 

and guides the body of a rail vehicle. In freight vehicles, this is usually done by means of 

a pivot pin, in others by means of secondary suspension and a device for transmitting 

braking and traction forces. The bogie frame must be capable to transmit forces in all di-

rections. Bogie frames can be produced as a welded structure, consisting of sheet metal 

stampings, or as a structure produced by casting. An additional equip ment such as a brak-

ing system, a traction motor, cabling, and others may be attached or suspended from the 

bogie frame. The frame must be securely attached to the vehicle body that the entire bogie 

can be lifted together with the rail vehicle body, for exa mple after derailment. Due to the 

importance of the bogie frame for the safety of the rail vehicle, high demands are placed 

on the frame [1-3]. 
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Bogie frames can be divided as follows: 

¶ external frames; 

¶ internal frames; 

¶ closed frames; 

¶ semi-closed frames; 

¶ open frames; 

¶ flexible frames. 

4. A suspension system 

Nowadays, a two -stage suspension system is commonly used. A two -stage suspen-

sion consists of a primary suspension, which is located between the bogie frame and the 

axle bearings, and a secondary suspension, which is located between the bogie and the 

vehicle body. The parts of the vehicle that are not suspended are called unspring masses. 

These include the wheels, axle bearings, and approximately a half the weight of the pri-

mary suspension. In order to minimize the dynamic stress caused by these unspring 

masses, their weight must be reduced as much as possible. When the suspension is imple-

mented using coil springs, hydraulic vibration dampers are parallelly connected to them.  

The suspension of both the traction vehicle and the wagon must meet the following 

basic requirements: 

¶ driving safety;  

¶ driving comfort of the vehicle;  

¶ maintaining the height of the buffers above the top of the rail;  

¶ elimination of the effects of track irregularities;  

¶ an optimal natural frequency of vibrations.  

4.1. A primary suspension 

A primary suspension plays particularly an important role. It largely determines the 

vehicle's driving performance and thus has a direct impact on driving stability, cornering 

control, derailment safety, and driving comfort [2].        

The design of the bogie frame serves to transfer longitudinal and lateral forces be-

tween the bearing housing. It has a significant influence on the vehicle's running charac-

teristics. The wheel set guidance must allow for lateral suspension through its late ral flex-

ibility and must reduce the quasi -static effects of the track curve through its play, while 

also transmitting longitudinal forces between the wheel set and the bogie frame [4, 8]. The 

accuracy of the wheel set guidance is also very important, preferably without any play, as 

under certain conditions on a straight track, the wheel set may develop a wavy motion, 

which can lead to unstable running. The properties of an essential importance for assess-

ment of the primary suspension and bearing box guidanc e design should be mentioned, 

namely the long-term stability of mechanical elements, which can be problematic with 

rubber blocks, maintenance requirements, and simplicity of design [18, 20]. 

4.2. A secondary suspension 

This type of suspension ensures a vertical and lateral suspension of the body relative 

to the bogie frame and it transmits the vertical and lateral forces between the body frame. 

Above all, it ensures a smooth run and largely determines the overall level o f ride comfort 

for passengers. 

Currently, an air suspension system is the preferred option. The advantage of this 

type of suspension is its adjustability, and by changing the air pressure in the spring, it 

can ensured that the height of the air bellows does not change during static load changes. 



Novus Scientia 2026  
 

56 

This means that the vertical stiffness of the air suspension is not limited by the require-

ment to maintain the height of the bumpers within the permitted range of values. This 

results to the fact that this type of a suspension system can be very soft, which is particu-

larly important for rail vehicles that are lightweight and have very different static loads, 

for example during the course of a day. Such vehicles include urban public transport rail 

vehicles (metro vehicles), regional units, double-decker carriages, etc. The use of air sus-

pension allows for a simple bogie frame design [19, 20]. 

5. A bogie frame design  

The bogie frame is the main load-bearing element of the vehicle, which other bogie 

parts are subsequently attached to. The considered frame has an internal structure, which 

was chosen primarily to reduce the overall weight [12]. From a structural point of view, 

the bogie is made of steel with guaranteed weldability and the increased yield strength 

S355J2 [13]. The frame consists of rectangular profiles with a wall thickness of 15 mm. The 

common parameter will be the wheelbase of 2000 mm. 

Two bogie frame designs were created (Fig. 1). The material thickness is the same, 

but the structure is different. One design is an open H-shaped frame, where this bogie 

frame design is used in practice, more often in the form of an outer frame, while the second 

design is experimental in the shape of the letter I [14]. 

 

Figure  1. Open internal bogie frame design (a) and experimental bogie frame design (b). 

The advantage of the proposed innovative bogie frames over commonly used bogie 

frames in regional rail vehicles is their internal structure, which is lightweight, resulting 

in lower dynamic forces between the wheel - rail contact and smaller installation dimen-

sions, which are key for regional vehicles [9, 10]. It is also possible to use disc or block 

brakes on the bogie. It is also possible to use various types of secondary suspension with-

out major interference with the bogie frame design.  

The following figure shows an example of its possible mounting with important com-

ponents such as a wheelset, axle bearings, a primary suspension in a form od coil springs, 

shock absorbers in the primary suspension, lemniscate guidance and a secondary suspen-

sion in the form of an air spring, which is the ideal solution for this type of bogie, or in a 

form of a coil spring [15]. This configuration is only for visualization purposes and the 

functionality of such an assembly has not been verified. 
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Figure 2. An open internal bogie frame with implemented components . 

 

Figure 3. An experimental frame with implemented components . 

6. Conclusion  

This paper has addressed the design of an innovative double-axle bogie intended for 

modern passenger rail vehicles, with a particular emphasis on regional and suburban ap-

plications.  

The bogie design inherently represents a compromise between competing require-

ments, such as low-floor vehicle concepts, curve negotiation capability on local lines, 

structural strength, weight minimization, and compliance with TSI and relevant EN and 

ISO standards. The adoption of an internal steel frame made of S355J2 material is a prom-

ising solution, despite the associated design constraints related to axle placement, limited 

internal space, and integration of suspension and auxiliary components.  

Two alternative frame conceptsɭan open H-shaped frame and an experimental I-

shaped frameɭwere proposed. While both concepts share identical material properties 

and wheelbase parameters, their differing structural layouts provide a basis for future 

comparative evaluation in terms of stiffness, a mass distribution and manufacturability. 

The integration of a two -stage suspension system, with particular emphasis on air-based 

secondary suspension, reflects the current practice in passenger rail vehicles and supports 

high levels of ride comfort.  
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The results presented in this study form the basis for further research steps. These 

steps will be supplemented by FEM analysis and a possible modification of the frame de-

sign. Furthermore, other components on the bogie will be optimized to ensure the func-

tionality of the bogie as a whole.  
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Abstract: Ergonomic risks are a significant factor in modern industry, affecting occupational safety, 

employee health and the long-term sustainability of production processes. Traditional methods of 

ergonomic assessment are based mainly on visual observation or ex-post analysis, which limits their 

use in dynamic production conditions. However, current technological trends are bringing new 

possibilities for the use of real-time data from camera and sensor systems, which enable continuous 

monitoring of worker s' movement patterns and immediate assessment of risky postures. The aim 

of this article is to present an overview of existing technologies and tools for monitoring ergonomics, 

compare their capabilities and limitations, and identify the potential of real -time data processing for 

predictive assessment of ergonomic risks. The focus is mainly on modern computer vision methods 

based on the detection of key points of the human body (pose estimation), which represent a prom-

ising alternative to IMU sensors and tr aditional commercial solutions. The article also proposes a 

concept of an adaptive model that enables dynamic tracking of worker movement, real -time calcu-

lation of ergonomic indicators, and identification of potential risks before they arise. The proposed 

approach shows that the combination of available RGB cameras, computer vision algorithms, and 

ergonomic metrics can provide an affordable, contactless, and easily scalable solution, especially for 

small and medium -sized manufacturing companies. 

Keywords: ergonomic risks, real-time analysis, computer vision, industrial ergonomics, predictive 

assessment 

 

1. Introduction  

Given the increasing demands on the dynamics of the manufacturing industry, man-

ufacturing companies are increasingly faced with the need to monitor and manage ergo-

nomic risks in real time. Despite technological advances, a large part of industrial work 

remains manual, physically demanding and significantly influenced by the individual 

movement patterns of workers. Long -term strain, inappropriate working positions and 

frequent bending or lifting of materials are factors that contribute to musculoskeletal dis-

orders and reduce overall productivity.  

Traditional ergonomic assessments such as RULA, REBA, OWAS, and NIOSH have 

been in use for decades, but their practical application is largely static and limited to ex -

post analysis of individual work tasks. This leads to insufficient feedback and a weaker  

ability of companies to respond to changing conditions in real time. Modern production 

environments require flexibility, rapid adaptation of work tasks and continuous monitor-

ing of worker load. Available commercial camera and digital solutions are advance d tools, 

but they usually operate as closed platforms, often with high licensing costs or the need 

for wearable sensors. This can limit implementation, especially in small and medium -

sized enterprises. Another problem with current approaches is their limit ed adaptability. 

Many solutions require repeated sensor setup, workspace calibration, or specific lighting 



Novus Scientia 2026  
 

60 

and spatial conditions. This reduces their usability in real -world operations, where work 

positions, tasks and workplace layout are constantly changing. Therefore, there is a grow-

ing demand for systems that can not only collect data, but also automatically  adapt to the 

context of the work activity. [1] 

Digital tools based on computer vision, which do not require physical contact with 

employees, therefore represent a promising direction for development. In particular, pose 

estimation algorithms allow the position of body segments to be tracked without the  need 

for IMU sensors, which significantly increases worker comfort and reduces implementa-

tion costs. The rapid development of Industry 4.0 technologies also enables the linking of 

visual data with intelligent analytical tools. This gives manufacturing com panies the op-

portunity to use real -time data not only for retrospective evaluation, but also for predic-

tive assessment of ergonomic risks. In combination with the trend towards human -centric 

manufacturing, there is an increasing emphasis on the need for systems that can respond 

flexibly to the variability of work tasks, individual differences between workers and 

changing conditions in the workplace. In this context, an approach based on camera sys-

tems and computer vision algorithms appears to be particularl y promising. These offer 

the possibility of evaluating workers' movement patterns in a non -invasive, more afford-

able and continuous manner. They create space for the development of intelligent tools 

that can provide immediate feedback while collecting data  for long -term modelling of er-

gonomic risks. This approach opens up new possibilities for predictive occupational 

safety management and improved ergonomics in production processes. [2ɬ4] 

2. Materials and Methods  

As part of the analysis of the issue, a systematic review of available technologies de-

signed to monitor the physical activity of workers in industrial environments was first 

conducted. The analysis included classic ergonomic assessments (RULA, REBA, OWAS, 

NISOH) and technical approaches such as commercial camera solutions (Kinetica, Viact, 

Protex), wearable IMU platforms (Xsens, WearHealth), and open-source computer vision 

algorithms such as MediaPipe, MoveNet, and OpenPose. The analysis of evaluation meth-

ods (RULA, REBA, OWAS, NIOSH) did not focus on comparing their technologies, but 

on assessing their suitability for automated processing using individual technical solu-

tions. The aim of this step was to identify the advantages of individual approaches, thei r 

limitations when used in real production conditions, and to evaluate their applicability in 

continuous real-time measurement. [1,5,6] 

Following this analysis, a comparison was made of selected open-source algorithms 

for human position detection, which represent the most promising group of solutions suit-

able for contactless ergonomic data collection. Attention was focused primarily on the  

MediaPipe Pose, Teachable Machine and MoveNet models, which are known for their 

high processing speed and ability to reliably identify key points of the human body while 

maintaining low hardware requirements. Their performance parameters were compared, 

including detection accuracy, stability when changing lighting or spatial conditions, video 

processing speed, and overall computing power requirements. This comparison made it 

possible to determine which algorithms are suitable for real -time applications wit hout the 

need for specialised computing units. [7] 

 

Figure 1. Pose Estimation Framework Logos Overview. 



Novus Scientia 2026  
 

61 

Based on an analysis of available solutions and a comparison of technologies, princi-

ples were identified that are key to the future development of real -time ergonomic sys-

tems in industry. The findings indicate that camera -based approaches using computer vi-

sion algorithms represent a promis ing alternative to wearable sensors, particularly in 

terms of easy implementation, lower operating costs and the possibility of continuous 

scanning without compromising worker comfort. However, for their successful use, it is 

necessary to ensure reliable detection of key points, stable calculations of angular param-

eters, and appropriate linking to ergonomic metrics that can be automated. At the same 

time, it has been demonstrated that evaluation metrics such as RULA and REBA are most 

suitable for implementa tion in computer vision systems from an automation perspective, 

as their input requirements correspond to the type of data obtained from human position 

estimation algorithms. Challenges that need to be addressed in the future have also been 

identified, suc h as the sensitivity of models to changes in lighting conditions, limited ac-

curacy in complex movements, and the need to consider the context of the work task when 

interpreting results. These findings provide a framework for directing further research in 

the field of real-time ergonomic assessment, indicating which technologies have potential 

and what conditions must be met for their effective deployment in manufacturing com-

panies. [8ɬ10] 

 

Figure 2. Schematic comparison of ergonomics monitoring approaches. 

3. Results 

Based on the analysis of available solutions and comparison of technologies, princi-

ples were identified that are key to the future development of real -time ergonomic sys-

tems in industry. The findings indicate that camera -based approaches using computer vi-

sion algorithms represent a promising alternative to wearable sensors, particularly in 

terms of easy implementation, lower operating costs and the possibility of continuous 

monitoring without compromising worker comfort. However, for their successful use, i t 

is necessary to ensure reliable detection of key points, stable calculations of angular pa-

rameters, and appropriate linking to ergonomic metrics that can be automated. At the 

same time, it has been demonstrated that evaluation metrics such as RULA and REBA are 

most suitable for implementation in computer vision systems from an automation per-

spective, as their input requirements correspond to the type of data obtained from human 

position estimation algorithms. Challenges that need to be addressed in the future have 
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also been identified, such as the sensitivity of models to changes in lighting conditions, 

limited accuracy in complex movements, and the need to consider the context of the work 

task when interpreting results. These findings provide a framework for direct ing further 

research in the field of real-time ergonomic assessment, indicating which technologies 

have potential and what conditions must be met for their effective deployment in manu-

facturing companies. 

4. Discussion  

An analysis of available technologies for monitoring ergonomic risks in industrial 

environments has revealed a number of strengths that indicate the potential of modern 

digital tools for future use. The most significant advantages include contactless camera 

scanning, which eliminates the need for wearable sensors and thus does not compromise 

worker comfort. Equally important is the high speed of detection of key body points in 

models such as MediaPipe, Teachable Machine or MoveNet, while these algorithms main-

tain low hardware requirements and enable real -time data processing. Of the ergonomic 

methods, RULA and REBA have proven to be the most suitable for automation using 

computer vision, as they work with clearly defined angular criteria. The OWAS method 

has proven to be suitable in situations where high detection accuracy cannot be ensured, 

as it works with the categorisation of body positions. The limitations identified include 

factors that need to be considered when implementing these technologies in a real pro-

duction environment. The most significant problem is the sensitivity of camera solutions 

to lighting conditions, which can negatively affect detection reliability. Limited accuracy 

is also possible with fast or obscured movements, which cause the loss or inaccurate ren-

dering of key points. A cost comparison identified that commercial wearable systems re-

quire high investment not only in procurement but also in maintenance and calibration. 

At the same time, in order to correctly evaluate ergonomic result s, it is necessary to know 

the nature of the specific work task, as some technologies are unable to distinguish be-

tween natural work movements and genuinely risky positions. This may limit their uni-

versal use. 

Summary of strengths and limitations in the current state of real -time ergonomic data 

assessment in industrial production:  

¶ Camera solutions offer contactless data collection without the need for wearable de-

vices. 

¶ Algorithms such as MediaPipe, Teachable Machine, or MoveNet provide high detec-

tion speeds with low hardware requirements.  

¶ The traditional RULA and REBA methods are suitable for automation thanks to 

clearly defined angular criteria.  

¶ OWAS is applicable in environments with lower detection accuracy;  

¶ The sensitivity of camera systems to lighting conditions is a limitation in practical 

applications.  

¶ Fast or obscured movements reduce detection accuracy. 

¶ Commercial wearable systems are expensive to purchase and maintain. 

¶ Interpretation of results often requires knowledge of the specific work context.  
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Table 1. Comparison of Technologies for Real-Time Ergonomic Assessment. 

Technology  
Detection 

Accuracy 

Processing 

Speed 

Hardware  

Requirements  

Suitability for 

Industrial  

Environments  

Compatibility 

with 

RULA/REBA  

IMU systems 

(Xsens, Noraxon) 
Very high  High  

Wearable sen-

sors, calibra-

tion required  

Medium 

(worker dis-

comfort, attach-

ment needed) 

High  

Commercial cam-

era systems (Ki-

netica, Protex) 

High  High  

Professional 

cameras, li-

censed soft-

ware 

High but ex-

pensive 
High  

Computer vision ɬ 

MediaPipe 

Medium to 

high 
Very high  

Standard RGB 

camera, 

CPU/GPU 

High (low cost, 

easy setup) 
Very good 

Computer vision ɬ 

MoveNet  
High  Very high  

Standard RGB 

camera, low 

computational 

load 

Very high  Very good 

Teachable Ma-

chine (pose 

model) 

Medium  High  
Minimum re-

quirements 

Medium (sim-

plified key-

points) 

Limited  

Manual methods 

(RULA/REBA)  

Depends 

on evalua-

tor 

Low  None 
Low for real -

time use 
N/A  

5. Conclusions 

A comparative analysis of current approaches to monitoring ergonomic risks in in-

dustrial environments shows that camera -based solutions supported by pose estimation 

algorithms represent a promising direction for real -time assessment. Although wearable 

IMU systems remain the most accurate option, their practical use is limit ed by worker 

discomfort, the need for calibration, and high operating costs. Commercial platforms pro-

vide robust functionality but rely on closed architectures and costly licensing models, lim-

iting their flexibility of use, especially for small and medium -sized enterprises. The eval-

uation further showed that open -source computer vision models such as MediaPipe and 

MoveNet offer a favourable balance between accuracy, speed and hardware simplicity. 

Their ability to extract key body points in real time makes t hem suitable for automated 

ergonomic scoring, especially when combined with methods such as RULA or REBA. 

Nevertheless, several challenges remain, including sensitivity to environmental condi-

tions, reduced performance during occlusion or rapid movements, a nd the need to incor-

porate context information about specific work tasks.  

Overall, the findings emphasise that future developments in real -time ergonomic risk 

monitoring should focus on improving the robustness of computer vision -based models, 

improving integration with standardised ergonomic metrics, and creating modular solu-

tions that can be easily deployed in different industrial environments. Such advances can 

make ergonomic risk assessment accessible, continuous, and practical, thereby promoting 

safer and more productive manufacturing environments.  
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Abstract: Mesenchymal stem cells (MSCs) are widely employed in the biocompatibility evaluation 

of biomaterials due to their regenerative potential, immunomodulatory properties, and relevance 

to bone and connective tissue engineering. While short-term in vitro assays provide essential infor-

mation on cytotoxicity and early cellɬmaterial interactions, prolonged culture conditions are in-

creasingly used to better reflect long-term implantation scenarios. Under such conditions, cellular 

senescence emerges as a critical but often underestimated biological response that can substantially 

influence experimental outcomes and their interpretation. This review addresses the role of MSC 

senescence in long-term biocompatibility testing of biomaterials, with emphasis on their molecular 

hallmarks, functional consequences, and methodological implications. Key senescence-associated 

features, including irreversible cell cycle arrest, altered differentiation capacity, metabolic repro-

gramming, and the development of a senescence-associated secretory phenotype, are discussed in 

the context of sustained cellɬmaterial interactions. Particular attention is given to the use of senes-

ÊÌÕÊÌɯËÌÛÌÊÛÐÖÕɯÚÛÙÈÛÌÎÐÌÚȮɯÕÖÛÈÉÓàɯϕ-galactosidase activity assays, as practical tools for monitoring 

senescence onset during extended in vitro evaluations. The review highlights how biomaterial com-

position, degradation behavior, surface chemistry, and mechanical properties may modulate senes-

cence-related pathways in MSCs, thereby affecting the perceived biocompatibility of materials .  

Keywords: mesenchymal stem cells; cellular senescence; biomaterials; biocompatibility  

 

1. Introduction  

In the context of in vitro cultivation for biomaterial analysis, cellular senescence rep-

resents a critical biological response that can arise during prolonged cellɬmaterial interac-

tion and significantly influence the interpretation of biocompatibility outc omes [1]. When 

mesenchymal stem cells or other primary cells are cultured on or in contact with bio-

materials for extended periods, they are exposed not only to replicative stress associated 

with serial cell divisions but also to material -induced stimuli, including  surface chemistry, 

topography, stiffness, degradation products, and the release of ions or low-molecular-

weight compounds [2]. These factors can cumulatively activate stress-response pathways 

that promote the transition of cells into a senescent state, independent of acute cytotoxic 

effects [3] [4]. 

To reliably identify senescence under such cultivation conditions, senescence-associ-

ÈÛÌËɯϕ-galactosidase (SA-ϕ-gal) activity assays are among the most widely used and prac-

tical analytical tools [5]ȭɯϕ-Galactosidase activity in senescent cells reflects increased lyso-

somal content and elevated expression of lysosomal hydrolases, which become detectable 

ÈÛɯÚÜÉÖ×ÛÐÔÈÓɯ×'ɯÊÖÕËÐÛÐÖÕÚɯȹÛà×ÐÊÈÓÓàɯ×'ɯȃƚȭƔȺȭɯ"ÖÔÔÌÙÊÐÈÓɯϕ-galactosidase activity kits 

exploit th is characteristic by providing chromogenic or fluorogenic substrates that are 

ÊÓÌÈÝÌËɯÉàɯϕ-galactosidase specifically in senescent cells, resulting in a measurable color-
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imetric or fluorescent signal. In adherent cultures on biomaterials, these assays allow di-

rect visualization and semi -quantitative assessment of senescent cells at the cellɬmaterial 

interface without requiring cell detachment or extensive sample processing  [5] [3]. 

2. Mesenchymal stem cells  

Mesenchymal stem cells (MSCs) are multipotent stromal cells commonly used in in 

vitro biocompatibility testing due to their high sensitivity to environmental cues and their 

direct relevance to regenerative medicine and tissue engineering [2]. MSCs can be isolated 

from various adult tissues, including bone marrow, adipose tissue, and umbilical cord, 

and are characterized by their capacity for self-renewal, adherence to standard culture 

surfaces, and differentiation into mesodermal lineages such as osteoblasts, chondrocytes, 

and adipocytes (Figure 1.). These properties make MSCs particularly suitable for evaluat-

ing biomaterials intended for bone, cartilage, and soft tissue applications [6] [7]. 

 

Figure 1. Differentiation potential of mesenchymal stem cells (MSCs). At the top, an MSC is shown 

with the ability to self -renew or differentiate. Arrows point downward to the various specialized 

cell types MSCs can become myocytes (muscle cells), adipocytes (fat cells), osteoblasts (bone cells), 

chondrocytes (cartilage cells), and neurons (nerve cells). 

In biocompatibility testing, MSCs are valued because they respond dynamically to 

material -related parameters, including surface chemistry, roughness, stiffness, degrada-

tion behavior, and released by-products. Unlike immortalized cell lines, MSCs reflect 

physiologically relevant cellular responses, allowing more accurate assessment of how 

materials influence cell adhesion, proliferation, morphology, metabolic activity, and line-

age commitment [8] [9]. As a result, MSC-based assays provide insight not only into cyto-

toxicity but also into the functional compatibility of biomaterials.  

Importantly, MSCs are highly responsive to long -term culture conditions, making 

them a sensitive model for prolonged biocompatibility evaluation. Changes in MSCs be-

haviorɭsuch as reduced proliferation, altered morphology, impaired differentiation, or 

induc tion of cellular senescenceɭcan indicate chronic material-induced stress that may 

not be detected in short-term assays. Therefore, MSCs are increasingly used to assess long-

term cellɬmaterial interactions, supporting a more comprehensive understanding of b io-

material performance beyond simple cell survival [10].  

Authors Koobatian et al. investigated how senescence affects the proliferation and 

smooth muscle differentiation of MSCs derived from bone marrow (BM -MSCs) and hair 
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follicles (HF -MSCs). They found that HF-MSCs are less prone to culture-induced senes-

cence than BM-MSCs. Additionally, the study showed that HF -MSCs and BM-MSCs re-

spond differently to mechanical cues, indicating that MSCs from distinct tissue sources 

may activate different pathways under the same conditions. These findings suggest that  

tissue engineering strategies should consider the MSC source, donor age, and culture du-

ration to achieve optimal regenerative outcomes [11]. 

3. Cellular senescence 

Cellular senescence is a stable and essentially irreversible state of cell cycle arrest that 

occurs in response to a variety of intrinsic and extrinsic stressors, while cells remain met-

abolically active and viable. Originally described as a consequence of replicative exhaus-

tion due to telomere shortening, senescence is now recognized as a multifaceted biological 

program that can also be triggered prematurely by DNA damage, oxidative stress, onco-

gene activation, mitochondrial dysfunction, epigenetic alterati ons, and sustained environ-

mental cues [12] [13].  

During cellular senescence, cells undergo pronounced and characteristic morpholog-

ical changes that reflect underlying alterations in cytoskeletal organization, chromatin 

structure, and intracellular metabolism [4]. One of the most consistently observed features 

is a marked increase in cell size, accompanied by a flattened and irregular morphology 

(Figure 2.). Senescent cells typically exhibit an expanded cytoplasmic area and reduced 

thickness, which contrasts with the smaller, spindle-shaped or polygonal morphology of 

proliferating cells. This enlargement is largely attributable to sustained metabolic activity 

in the absence of cell division, leading to the accumulation of cytoplasmic components 

and organelles [1] [14]. 

 

Figure 2. The ilustration compares young, healthy mesenchymal stem cells (MSCs) with senescent 

MSCs. Healthy MSCs appear elongated, spindle-shaped, and uniformly organized, with smaller, 

regular nuclei, reflecting active proliferation and intact cytoskeletal struct ure. In contrast, senes-

cent MSCs are enlarged, flattened, and irregularly shaped, with expanded cytoplasm and larger, 

distorted nuclei, indicative of cytoskeletal reorganization and genomic stress. The comparison 

highlights the pronounced morpholo gical changes that accompany MSC senescence during pro-

longed cultivation . 

Senescence is an intrinsic cellular program that evolved as a protective mechanism 

[15] [16]. Under normal physiological conditions, it serves several beneficial functions. 
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During development, transient senescence contributes to tissue patterning and morpho-

genesis. In adult tissues, senescence acts as a tumor-suppressive safeguard, preventing 

the proliferation of cells that have accumulated excessive DNA damage, telomere short-

ening, or oncogenic stress [17]. In wound healing and tissue remodeling, short -lived se-

nescent cells can promote repair through the controlled secretion of growth factors and 

cytokines, after which they are typically cleared by the immune system [4] [18]. 

4. Impact of Biomaterials on MSC Senescence 

The interaction between MSCs and the biomaterials on which they are cultured plays 

a pivotal role in determining the onset and progression of cellular senescence during pro-

longed in vitro expansion [19]. Biomaterials are not merely passive substrates; their phys-

icochemical propertiesɭincluding composition, stiffness, topography, and surface chem-

istryɭcan profoundly influence MSCs behavior, proliferation, and maintenance of stem-

ness. In tissue engineering, understanding how these factors modulate senescence is crit-

ical for designing scaffolds that support long -term cellular functionality [20].  

Biomaterial composition is a key determinant of MSCs fate. Naturally derived matri-

ces, such as collagen, hyaluronic acid, and chitosan, often provide bioactive motifs that 

mimic the native extracellular matrix (ECM), thereby preserving cell adhesion, proli fera-

tion, and differentiation potential [21] [22]. In contrast, purely synthetic polymers lacking 

ÉÐÖÈÊÛÐÝÌɯÚÐÎÕÈÓÚɯÔÈàɯÍÈÐÓɯÛÖɯ×ÙÖÝÐËÌɯÛÏÌɯÕÌÊÌÚÚÈÙàɯÊÜÌÚɯÛÖɯÔÈÐÕÛÈÐÕɯ,2"ÚɯɁàÖÜÛÏȮɂɯÓÌÈËɪ

ing to accelerated replicative senescence [23] [5]. Studies have demonstrated that hybrid 

scaffolds combining natural and synthetic componentsɭsuch as nano-hydroxyap-

atite/chitosan/PLGA compositesɭcan reduce the expression of senescence while main-

taining stem cell proliferation over extended passages [24] [25] [26]. 

Substrate stiffness is a critical mechanical cue that influences MSCs morphology, cy-

toskeletal organization, and mechanotransduction pathways. Soft substrates that approx-

imate the elasticity of native tissue have been shown to mitigate stress-induced senes-

cence, whereas overly rigid surfaces can promote cytoskeletal tension, DNA damage, and 

premature growth arrest. MSCs sense and respond to these mechanical cues through in-

tegrin -mediated adhesion complexes and downstream signaling pathways, which ulti-

mately impact the balance between proliferation and senescence [27] [28]. 

The topographical features of scaffolds, including nanoscale roughness, porosity, 

and fiber alignment, also modulate senescence. Nanostructured surfaces can enhance cell-

matrix interactions, promote cytoskeletal organization, and facilitate nutrient exchan ge, 

thereby delaying the onset of senescence. Surfaces with irregular or non-physiological to-

pographies may induce cellular stress and contribute to early senescence, particularly un-

der long-term culture conditions [29]. 

Evaluating senescence on candidate biomaterials is therefore essential for scaffold 

optimization. Techniques such as SA-ϕ-galactosidase activity assays, expression analysis 

of cyclin -dependent kinase inhibitors, and morphological assessment of MSCs provide 

complementary insights into how scaffold properties influence cellular aging. Incorporat-

ing these assessments early in biomaterial development can guide the design of substrates 

that support long -term MSC functionality, enhancing the translational potenti al of tissue-

engineered constructs [30] [31]. 

5. Conclusions 

Cellular senescence represents a major limitation in the long-term expansion and 

functional application of MSCs for tissue engineering and regenerative medicine. The on-

set of senescence compromises proliferation, differentiation potential, and the overall re-

generative capacity of MSCs, thereby influencing the outcomes of biomaterials-based 

therapies [17]. Biomimetic scaffolds that recapitulate key biochemical, mechanical, and 

topographical features of the native extracellular matrix can preserve MSC stemness, de-

lay senescence, and maintain functional potential even during prolonged culture [32] [33]. 
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The differential responses of MSCs derived from various tissue sources to both in-

trinsic and extrinsic cues underscore the importance of tailoring biomaterials and culture 

conditions to cell origin, donor age, and intended application. Incorporating compre hen-

sive senescence assessmentɭincluding SA -ϕ-gal activity, molecular markers, and func-

tional assaysɭinto biomaterials evaluation allows for the rational design of scaffolds that 

support long -term cell viability and regenerative efficacy [34] [35]. 

Given the critical impact of cellular senescence on MSCs functionality, it is increas-

ingly recognized that senescence evaluation should be incorporated into standard bio-

compatibility testing. Routine assessment of senescenceɭusing assays such as SA-ϕ-gal 

activity, expression of cell cycle inhibitors, and morphological analysis ɭcan provide a 

more biologically relevant measure of scaffold performance over prolonged culture peri-

ods [22]. Integrating these assessments into conventional workflows allows researchers to 

detect early signs of functional decline, compare materials more reproducibly, and make 

informed decisions on scaffold design.  

In the context of MSC longevity within 3D systems, these three abbreviations repre-

sent the primary drivers of cellular aging and environmental stress. SIPS, or Stress-In-

duced Premature Senescence, differs from natural aging as it is an accelerated state of cell 

cycle arrest triggered by external stressors such as sub-optimal scaffold stiffness or chem-

ical toxicity within a bioreactor [36]. This process is often fueled by ROS, or Reactive Ox-

ygen Species, which are highly reactive molecules that accumulate during cellular metab-

olism and cause oxidative damage to DNA and proteins. Once these cells are compro-

mised, they develop a SASP, or Senescence-Associated Secretory Phenotype, transform-

ing into "pro -inflammatory factories" that secrete cytokines like IL -6 to negatively influ-

ence the surrounding ECM and neighboring healthy cells [37] [17]. 

To counteract these degenerative pathways, bioreactors provide critical advantages 

over static cultures by ensuring efficient mass transfer, which prevents the localized 

buildup of ROS and metabolic waste. By maintaining precise control over O2 tension and  

delivering constant nutrient perfusion, these systems minimize the environmental trig-

gers of SIPS, while the application of controlled mechanical shear stress helps maintain 

MSC multipotency and delays the onset of SASP [38] [22]. 
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Abstract: The present paper focuses on the recycling of metal hydride alloys through a melting pro-

cess performed using a newly developed prototype device. Particular attention is devoted to the 

analysis of induction heating parameters that significantly influence the efficiency of metal hydride 

alloy melting. The principles of induction heating, its effects on the properties of the molten metal 

hydride alloys, and potential approaches to the optimisation of the recycling process are examined 

in detail. In addition, the paper presents the structural design of the induction heating system, in-

cluding the crucible. The configuration and functional design of the oscillator module, power sup-

ply module, and water -cooling module employed for precise control of the melting process are de-

scribed comprehensively. 

Keywords: metal hydride allo y, recycling, melting  

 

1. Introduction  

Metal hydride alloys play an increasingly important role in modern engineering ap-

plications, particularly in fields related to hydrogen storage, clean energy systems, and 

advanced materials research. Their chemical behavior is complex, as these alloys can par-

ticipate in nucleophilic, electrophilic, and radical reactions depending on the nature of the 

hydride bond and surrounding reactants. This reactivity, combined with extremely high 

melting pointsɭÛà×ÐÊÈÓÓàɯÈÉÖÝÌɯƕȮƗƔƔɯȘ"ɭcreates demanding conditions for their pro-

cessing. When such materials must be melted or recycled, traditional thermal technologies 

often struggle to maintain purity, temperature stability, or sufficient heating efficiency [1].  

For these reasons, induction heating has emerged as one of the most practical ap-

proaches for handling metal hydrides. Unlike surface -based heating methods, induction 

generates heat directly within the material through electromagnetic induction, which sig-

nificantly enhances process efficiency. This direct transfer of energy reduces heat losses, 

minimizes unwanted temperature gradients, and allows for precise heating control ɭad-

vantages that are particularly relevant for sensitive hydride materials [2] and [3]. 

The study summarized and expanded here focuses on the design and development 

of a prototype induction heating system dedicated to the recycling of metal hydride alloys 

before melting. The research analyzes the physical principles that guide the heating pro-

cess, outlines the structural design of a three-module heating device, and discusses im-

portant operational challenges such as heat penetration, crucible compatibility, and ther-

mal regulation. The ultimate goal is to present a functional technological solut ion capable 

of melting hydride alloys efficiently while maintaining material purity and preventing 

degradation.  

The recycled material in this study is the commercial hydrogen storage alloy Hydral-

ÓÖàɯ"ƙȮɯÞÏÐÊÏɯÐÚɯÈÕɯ !ƾ-type TiɬZr -based intermetallic alloy with added elements such as 

V, Cr, Mn, and Ni. Because of the presence of highly reactive elements (especially Ti and 
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Zr), the alloy is prone to oxidation at high temperatures, which necessitates strict control 

of the crucible compatibility and atmosphere cleanliness during the melting process.  

2. Fundamentals of Induction Heating and Their Relevance to Hydrides  

Induction heating relies on electromagnetic principles where alternating current in a 

coil generates a changing magnetic field, inducing currents inside conductive materials 

placed nearby. In the described device, the induction coil serves as the primary winding 

of an air-core transformer, while the metal charge acts as the secondary [4]. Heat genera-

tion occurs due to two main mechanisms: 

1. Eddy current heating 

These currents form loops within the alloy, and because the material has a measura-

ble electrical resistance, the circulating currents convert electrical energy into thermal en-

ergy. The magnitude of this heating depends on resistivity, magnetic coupling, an d fre-

quency. Since metal hydrides often have a fine microstructure with increased resistance, 

eddy-current heating becomes the dominant heating mechanism for most of them.  

2. Hysteresis heating 

This effect is present only in ferromagnetic materials. During each cycle of magneti-

zation and demagnetization, energy is dissipated, contributing to heat generation. The 

magnitude of this effect depends on the area of the hysteresis loop and the operating fre-

quency. For paramagnetic crucible materialsɭsuch as tungstenɭthis loss is negligible, 

which helps reduce unwanted heating of the crucible walls  [5]. 

3. Skin depth and its importance  

A critical concept in induction heating is skin depth, the distance below the material's 

surface where current density remains significant. Skin depth decreases with increasing 

frequency, causing currents to concentrate near the surface. For thick materials such as 

metal hydride charges, using lower frequencies helps deliver heat more uniformly 

throughout the material.  

However, practical constraints sometimes require the use of higher frequenciesɭes-

pecially when rapid heating or controlled surface melting is desired. The relationship be-

tween frequency, material conductivity, and magnetic permeability must therefore be 

carefully considered when designing induction systems  [6].  

4. Crucible Selection and Material Challenges  

Melting metal hydrides presents several difficulties beyond reaching extremely high 

temperatures. Their structure tends to increase electrical resistance, making uniform heat-

ing harder to achieve. Additionally, hydrides may react with crucible materials at  elevated 

temperatures. To avoid such complications, the researchers selected a tungsten crucible, 

which offers several advantages: 

¶ exceptional thermal resistance and mechanical stability, 

¶ chemical inertness, preventing undesirable reactions, 

¶ resistance to deformation under extreme temperatures, 

¶ paramagnetic behavior, reducing magnetic energy losses. 

3ÏÌɯÊÙÜÊÐÉÓÌɀÚɯËÐÔÌÕÚÐÖÕÚɯÈÕËɯÎÌÖÔÌÛÙàɯÞÌÙÌɯÖ×ÛÐÔÐáÌËɯÛÖɯsupport uniform heat 

distribution and stable electromagnetic coupling inside the induction co il (see Figure 1) 

[3].  
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Figure 1. Tungsten crucible. 

5. Adhesion and protective coatings  

A significant issue in melting hydride alloys is the tendency of molten material to 

adhere to crucible walls. Mechanical adhesion occurs when the melt infiltrates micro-

scopic pores in sintered tungsten, while chemical adhesion may arise from high-temper-

ature reactions or diffusion processes. Uncontrolled wetting can damage both the crucible 

and the quality of the melt.  

To prevent these problems, a thin boron nitride (BN) coating is typically applied to 

the crucible interior. BN is chemically inert, thermally stable, and forms a non -reactive 

barrier between the molten metal and crucible surface. When applied as a spray or slurry 

and subsequently heat-ÛÙÌÈÛÌËɯÈÛɯÛÌÔ×ÌÙÈÛÜÙÌÚɯÉÌÛÞÌÌÕɯƙƔƔɯÈÕËɯƜƔƔɯȘ"ȮɯÛÏÌɯÊÖÈÛÐÕÎɯ×ÙÖɪ

vides reliable protection without contaminating the melt.  

(ÕɯÈËËÐÛÐÖÕɯÛÖɯ!-ȮɯàÛÛÙÐÜÔɯÖßÐËÌɯȹ8ƾ.ƿȺɯÐÚɯÈÓÚÖɯÞÐËÌÓàɯÜÚÌËɯÈÚɯÈɯÏÐÎÏ-performance 

ÊÙÜÊÐÉÓÌɯÊÖÈÛÐÕÎɯÍÖÙɯÙÌÈÊÛÐÝÌɯÔÌÛÈÓɯ×ÙÖÊÌÚÚÐÕÎȭɯ8ƾ.ƿɯÌßÏÐÉÐÛÚɯÌßÊÌ×ÛÐÖÕÈÓɯÙÌÚÐÚÛÈÕÊÌɯÛÖɯ

chemical attack, minimal wetting by molten metals and hydrides, and excellent stabilit y 

ÈÛɯÛÌÔ×ÌÙÈÛÜÙÌÚɯÌßÊÌÌËÐÕÎɯƖƔƔƔɯȘ"ȭɯ(ÛÚɯËÌÕÚÌɯÔÐÊÙÖÚÛÙÜÊÛÜÙÌɯ×ÙÌÝÌÕÛÚɯÐÕÍÐÓÛÙÈÛÐÖÕɯÖÍɯÛÏÌɯ

ÔÌÓÛȮɯÞÏÐÓÌɯÐÛÚɯÛÏÌÙÔÖËàÕÈÔÐÊɯÐÕÌÙÛÕÌÚÚɯÔÐÕÐÔÐáÌÚɯÐÕÛÌÙÍÈÊÐÈÓɯÙÌÈÊÛÐÖÕÚȭɯ ÚɯÈɯÙÌÚÜÓÛȮɯ8ƾ.ƿɯ

coatingsɭapplied by spraying, slurry deposition, or plasma coating ɭserve as an effective 

alternative or complementary barrier to BN, particularly in environments where stronger 

chemical resistance or higher thermal durability is required [7]. 

For processing Hydralloy C5, the choice of the protective coating reflects the high 

reactivity of TiɬZr-ÉÈÚÌËɯÈÓÓÖàÚȭɯ8ƾ.ƿɯÐÚɯ×ÙÌÍÌÙÙÌËɯbecause it has thermodynamic stability 

and relatively low wettability by reactive melts under fully melting conditions. Bilayer 

8ƾ.ƿɯÊÖÈÛÐÕÎÚɯÈÙÌɯÌß×ÌÊÛÌËɯÛÖɯÏÈÝÌɯÏÐÎÏÌÙɯÊÏÌÔÐÊÈÓɯÙÌÚÐÚÛÈÕÊÌɯÊÖÔ×ÈÙÌËɯÛÖɯ!-ɯÛÖɯÏÐÎÏÓàɯ

reactive hydride alloys above the liquidu s temperature. 

6. Design and Construction of the Prototype Heating System  

All experiments are conducted under a continuous flow of high -purity argon di-

rected to the melting zone. Prior to heating, the working area is flushed with argon to 

reduce the presence of oxygen and moisture in the immediate vicinity of the crucible. To 

improve safety, manage heat, and simplify operation, the induction heating apparatus 

was constructed as a three-module system. Each module contributes to a different func-

tional aspect of the overall device. 

Module 1 ɬ Oscillator and Induction Coil  

The heart of the system is a Zero Voltage Switching (ZVS) oscillator (see Figure 2), 

chosen for its efficiency and relative simplicity. It operates as a resonant converter that 
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naturally minimizes switching losses  [8]. Powered by a DC supply, the oscillator produces 

a sinusoidal current in the primary coil, which in turn induces currents within the crucible 

and charge. 

The primary coil is made from a thin -walled copper tube that allows coolant circula-

tion during operation. With a solenoid -shaped geometry and seven turns, it was engi-

neered to provide adequate magnetic field strength and coupling efficiency. A thermistor 

iÚɯÈÛÛÈÊÏÌËɯÛÖɯÔÖÕÐÛÖÙɯÛÏÌɯÊÖÐÓɀÚɯÚÜÙÍÈÊÌɯÛÌÔ×ÌÙÈÛÜÙÌȮɯ×ÙÌÝÌÕÛÐÕÎɯÖÝÌÙÏÌÈÛÐÕÎ [9] and [10].  

 

Figure 2. Oscillator and induction coil . 

Module 2 ɬ Power Supply  

The second module contains a robust 48 V, 21 A DC power supply, equipped with 

forced-air cooling and protective components such as fuses and an emergency disconnect 

switch  (see Figure 3). Because induction heating can produce high currents and rapid load 

changes, stable power regulation is essential. Real-time voltage indicators ensure that the 

Ö×ÌÙÈÛÖÙɯÊÈÕɯÔÖÕÐÛÖÙɯÛÏÌɯÚàÚÛÌÔɀÚɯÉÌÏÈÝÐÖÙɯËÜÙÐÕÎɯÖ×ÌÙÈÛÐÖÕȭ 

 

Figure 3. Power supply.  
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Module 3 ɬ Cooling System  

Effective thermal management is critical for preventing damage to the coil and elec-

tronic components. Module 3 (see Figure 4) uses an active water-cooling system consisting 

of: 

¶ a forced-air cooled heat exchanger, 

¶ a circulation pump , 

¶ temperature-controlled fan activation , 

¶ a coolant based on diluted ethylene glycol. 

3ÏÌɯÚàÚÛÌÔɯÈÜÛÖÔÈÛÐÊÈÓÓàɯÈÊÛÐÝÈÛÌÚɯÊÖÖÓÐÕÎɯÖÕÊÌɯÛÏÌɯÊÖÐÓɯÛÌÔ×ÌÙÈÛÜÙÌɯÌßÊÌÌËÚɯƘƔɯȘ"ɯ

and continues until it drops to a safe threshold. This integrated thermal protection ensures 

stable operation even under prolonged heating.  

 

Figure 4. Cooling system. 

7. Thermal Behavior and Operational Considerations  

The recycling process is based on complete melting of the alloy above its liquidus 

temperature, followed by a holding period to allow proper homogenization of the melt. 

The objective is not merely hydrogen removal, but full metallurgical regeneration of th e 

material. After solidification, the alloy is crushed and milled to obtain an appropriate par-

ticle size and restore the active surface required for subsequent hydrogen absorption. 

Induction h eating behaves differently depending on material temperature, coil de-

sign, and operating frequency. At high temperatures, the electrical conductivity and mag-

netic permeability of the heated alloy change significantly, affecting skin depth and heat 

distribu tion. As the alloy gets hotter, skin depth increases, allowing heat to penetrate more 

deeply. This can be beneficial for homogenizing the melt but must be controlled to avoid 

overheating or uneven melting.  

The device must also handle heat-related hazards such as thermal expansion, poten-

tial crucible deformation, and the risk of alloy -crucible interaction. Monitoring systems ɭ

such as thermocouples placed inside the chargeɭenable accurate evaluation of the tem-

perature profile throughout the melting process.  

The study also highlights that induction furnaces typically rely on frequencies in the 

tens to hundreds of kilohertz, because lower frequencies may cause excessive heating in 

the coil itself. Balancing reactance and resistive losses is therefore essential for optimizing 

both energy transfer and system longevity  [11]. 
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8. Conclusions  

The research presented in the original article and expanded here demonstrates that 

induction heating offers a highly effective approach to melting and recycling metal hy-

dride alloys. By analyzing the electromagnetic principles involved and addressing the 

complex behavior of hydride materials, the study provides valuable  insights into how in-

duction heating can be tailored for specialized metallurgical processes. The modular de-

vice constructed for this purpose illustrates how thoughtful engineering ɭspanning oscil-

lator design, power management, crucible selection, and cooling strategiesɭcan produce 

a reliable and efficient system capable of operating under harsh thermal conditions.  

The use of tungsten crucibles, combined with ×ÙÖÛÌÊÛÐÝÌɯ8ƾ.ƿ coatings, provides a 

robust and chemically stable environment for melting hydrides, minimizing contamina-

tion risks and extending equipment life. Furthermore, the detailed consideration of skin 

depth, frequency selection, and thermal regulation ensures that the heating process re-

mains controlled, efficient, and adaptable for various alloy types.  

Overall, the prototype system not only fulfills its intended purpose for laboratory -

scale recycling but also represents a platform for future industrial innovations. With fur-

ther advancements such as enhanced automation, higher-power oscillators, or improv ed 

monitoring systems, induction -based melting technologies could become even more ver-

satile and capable. This study contributes meaningfully to that development, offering a 

strong foundation for continued research and practical engineering progress.  
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Abstract : Vibration -based mechanical stimulation represents a dynamically developing physiother-

apeutic modality with considerable potential for application within traumatological treatment and 

rehabilitation  [7,8]. This article provides a comprehensive review of current scientific literature fo-

cusing on the physiological mechanisms, clinical effects, and therapeutic potential of vibration -

based mechanical stimulation in traumatological practice and rehabilitation.  Physiologically bene-

ficial vibrations modul ate neuromuscular activation, influence regional microcirculation, and stim-

ulate cellular mechanotransduction pathways, thereby contributing to structural and functional re-

covery of the musculoskeletal system following traumatic injury  [1,4,11] . A synthesis of current 

scientific evidence demonstrates that vibration stimuli increase reflexive activation of motor units, 

strengthen muscleɬtendon functional interactions, improve local perfusion, and induce adaptive 

changes in bone tissue consistent with remode ling processes [3,5,10]. Despite these promising find-

ings, existing literature displays substantial heterogeneity in methodological parameters ɭinclud-

ing frequency, amplitude, duration, and mode of vibration transmission ɭwhich complicates inter -

study comparability and hinders the e stablishment of standardized therapeutic guidelines  [9,14]. 

Current knowledge indicates clear therapeutic benefits of vibration stimulation in trauma rehabili-

tation; however, optimized clinical implementation requires further contr olled investigations aimed 

at defining precise stimulation parameters, safety thresholds, and diagnostic -specific indica-

tions[6,12]. 

Keywords:  whole -body vibration; vibration therapy; traumatology; rehabilitation; neuromuscular 

activation; mechanotransduction; microcirculation; bone remodeling; musculoskeletal injuries; pro-

prioception; balance; fracture healing 

 

1. Introduction  

Mechanical vibrations, defined as periodic oscillatory stimuli characterized by spe-

cific frequency and amplitude, are transmitted to the human body either indirectly via 

contact surfaces or directly through localized mechanical applicators  [4]. Their integration 

into rehabilitation medicine originated as an experimental approach intended to enhance 

neuromuscular function and influence the condition of skeletal, muscular, and neural 

structures [1,2]. Today, physiologically beneficial vibration stimulation ɭapplied as 

whole -body vibration (WBV) or localized vibration ɭis the subject of intensive research 

within physiatry, orthopedics, and traumatology  [7,10]. Clinical and experimental studies 

investigate its potential to enhance musculoskeletal functional capacity, stimulate repara-

tive and regenerative processes, and optimize neuromuscular activation in patients recov-

ering from trauma or surgical intervention  [6,11]. The aim of this article is to analyze the 

mechanisms of action, clinical outcomes, and practical implications of physiologically 

beneficial vibration stimulation as an adjunct modality in trauma rehabilitation.  The 

growing interest in vibration -based interventions reflects their unique ability to induce 
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mechanical loading without imposing excessive strain on compromised tissues  [5,15]. 

This characteristic is particularly relevant in early rehabilitation phases, where conven-

tional strengthening approaches may be contraindicated [9,20]. Consequently, vibration 

stimulation is increasingly viewed as a complementary therapeutic modality capable of 

supporting efficient restoration of function following traumatic musculoskeletal injuries  

[12]. 

2. Mechanisms of physiological response to vibration  

Physiologically beneficial vibration acts as a controlled mechanical stimulus that ac-

tivates neuromuscular reflex pathways, enhances regional microcirculation, and initiates 

cellular mechanotransduction mechanisms. These processes collectively promote adap-

tive responses in muscle, connective tissue, and bone, supporting structural integrity and 

functional recovery following traumatic injury or immobilization [1,4,11].  

2.1 Neuromuscular stimulation 

Vibration stimuli act as repeated mechanical inputs that activate proprioceptive sen-

sory structures, predominantly muscle spindles and mechanoreceptors located in tendon 

and fascial networks [1,4]. Their stimulation increases afferent signaling in Ia and II fibers, 

which convey information on rapid changes in muscle length and tension  [1,2,21]. The 

ÙÌÚÜÓÛÐÕÎɯÔÖËÜÓÈÛÐÖÕɯÖÍɯÚ×ÐÕÈÓɯÚÌÎÔÌÕÛÈÓɯÊÐÙÊÜÐÛÚɯÐÕËÜÊÌÚɯÈÊÛÐÝÈÛÐÖÕɯÖÍɯϔ-motoneurons, 

generating rhythmic reflexive muscle contractionsɭknown as the tonic vibra tion reflexɭ

without the need for high external loads  [4]. 

This mechanism enhances muscle tension, improves recruitment efficiency of motor 

units, and promotes coordination among synergistic and stabilizing muscle groups  [10]. 

The neuromuscular response elicited by vibration stimuli resembles adaptations observed 

during low -load strength training, yet with substantially reduced mechanical stress im-

posed on joints and soft tissues [9]. Additionally, vibration -induced neuromotor adapta-

tion facilitates more efficient signal integration between peripheral structures an d the cen-

tral nervous system, contributing to functional recovery following trauma, immobiliza-

tion, or neuromuscular disuse  [3,14].  

The intensity of neuromuscular activation depends on the interaction between fre-

quency, amplitude, and exposure duration  [10]. These relationships are well documented 

using electromyographic (EMG) measurements [13]. Table 1 summarizes representative 

data demonstrating the differential effects of vibration parameters on muscle activation 

patterns. 

Table 1. EMG activation at different WBV frequencies and amplitudes  

Conditions: semi-squat (static/dynamic), WBV frequencies 0, 30, 40 Hz; amplitudes 0, 2, 4 mm. 

Mode  
Frequ-

ency (Hz) 

Amplitude 

(mm) 

Muscles with signi-

ficant ŷ EMG  
Key conclusion  

No vibration  0 0 ɬ 
Reference EMG activation level during static and dynamic 

semi-squat. 

WBV ɬ SSS/DSS 30 2 VL, BF 
Increased EMG vs. 0 Hz; DSS elicits higher activation than 

SSS. 

WBV ɬ SSS/DSS 30 4 VM, VL, BF 
EMG significantly higher at 4 mm than at 0 or 2 mm; strong 

amplitude effect.  

WBV ɬ SSS/DSS 40 2 VL, BF 
Increased EMG vs. 0 Hz; difference between 30 and 40 Hz 

is modest. 
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WBV ɬ SSS/DSS 40 4 GS (DSS) 

40 Hz / 4 mm markedly increases gastrocnemius EMG; am-

plitude more influential than frequency shift.  

WBV ɬ whole -body vibration, EMG ɬ electromyography, SSS ɬ static semi-squat, DSS ɬ dynamic semi-squat, VL ɬ vastus lat-

eralis muscle, VM ɬ vastus medialis muscle, RF ɬ rectus femoris muscle, BF ɬ biceps femoris muscle, GS ɬ gastrocnemius mus-

cle, Hz ɬ hertz, mm ɬ millimeter . 

Main interpretation: In this neuromuscular model, amplitude exerts a stronger influ-

ence on muscle activation than the small frequency difference between 30 and 40 Hz. Fre-

quencies within the 30ɬ40 Hz range significantly enhance activation of RF, VM, VL, BF, 

and GS compared to non-vibration conditions  [10]. 

2.2 Vascular and perfusion effects 

Vibration -induced mechanical loading influences hemodynamics by modifying vas-

cular tone, enhancing the action of the muscle pump, and inducing micro -level compres-

sionɬdecompression cycles within soft tissues [7,8]. These mechanisms facilitate increased 

flow velocity in arterial and venous circuits, improved capillary perfusion, and enhanced 

delivery of oxygen and nutrients  [8]. 

Clinical observations demonstrate that vibration exposure promotes restoration of 

vascular reactivity, characterized by improved responsiveness of arterioles to metabolic 

and neural regulatory stimuli  [7,19]. Additionally, increased cardiac output and systemic 

perfusion contribute to accelerated transport of metabolites, enhanced removal of by-

products of anaerobic metabolism, and improved conditions for tissue repair  [8,19]. 

In trauma rehabilitation, these effects are especially valuable. Improved microcircu-

lation supports faster healing, reduces susceptibility to ischemic secondary damage, and 

enhances regeneration of both soft tissue and bone [6]. Vibration therapy may thus serve 

as an important adjunctive modality in regions with compromised perfusion due to im-

mobilization, surgical manipulation, or high -impact contusive injuries  [7]. 

2.3 Mechanotransduction and bone response 

Mechanical vibrations initiate deformation forces that activate cellular mecha-

notransduction pathways responsible for converting mechanical signals into biochemical 

responses [11]. This process governs adaptive remodeling in bones, tendons, ligaments, 

and muscles [5]. Vibrations induce strain within the cellular matrix, activate mechanosen-

sitive receptors, alter ion fluxes, and trigger intracellular cascades that regulate tissue re-

generation [11,12]. 

In bone tissue, vibration stimulates osteoblastic activity while concurrently reducing 

osteoclastic resorption, promoting a net anabolic effect [5]. This is particularly beneficial 

during post -injury immobilization, when physiological loading is limited and bone loss is 

prevalent  [6,18]. Similarly, vibration applied to tendons and ligaments enhances fibroblast 

activity, promotes collagen synthesis, and improves the organization and biomechanical 

resilience of connective tissues [11]. 

Mechanotransduction therefore represents a central physiological mechanism 

through which vibration therapy supports structural recovery and facilitates the adaptive 

remodeling required for functional restoration following trauma  [12]. 

3. Clinical results and therapeutic implications of vibration stimulation  

Clinical and experimental findings demonstrate that vibration stimulation improves 

neuromuscular activation, postural stability, and sensorimotor control, while also facili-

tating tissue regeneration and bone remodeling. These effects contribute to reduced pain, 

improved functional outcomes, and accelerated recovery, supporting the integration of 

vibration therapy as an adjunct modality in trauma rehabilitation [3,6,14].  
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3.1 Functional effects on muscle activity and stability 

Evidence from controlled clinical trials suggests that vibration stimulation can posi-

tively influence neuromuscular function by enhancing intermuscular coordination, facili-

tating motor unit recruitment, and improving dynamic as well as postural stability [ 10,14]. 

Such adaptations may support more efficient performance of repetitive motor tasks, at-

tenuation of fatigue, and accelerated restoration of motor control processes compromised 

by injury or immobilization [9 ,16]. In rehabilitation contexts, these effects are associated 

with earlier recovery of functional movement patterns and greater overall stability, par-

ticularly during the early phases of intervention [17,20,23]. 

3.2 Tissue-Level Effects in Musculoskeletal Injury 

Mechanical vibration accelerates regeneration in injured tissues by enhancing colla-

gen fiber reorganization, improving tendon and ligament strength, and restoring elasticity 

in the musculotendinous system [11]. Clinical observations report decreased pain, im-

proved range of motion, and faster restoration of functional properties following muscle 

or tendon injuries  [6]. In joint -related trauma, vibration stimulation supports relaxation of 

periarticular muscle tension and contributes to normalization of moveme nt patterns. 

The differential effects of vibration frequency on cartilage, bone, and function have 

been demonstrated in preclinical studies. Table 2 summarizes findings from an experi-

mental rabbit model evaluating WBV frequencies from 5 to 40 Hz [3,13]. 

Table 2. Effects of different WBV frequencies in knee OA ɬ ACLT rabbit model  

WBV 40 min/day, 5 days/week, 8 weeks; amplitude 2ɬ4 mm. 

Group  
Frequency 

(Hz) 

Ampli-

tude 
Effect on cartilage  Effect on subchondral bone  Functional effect  

Con-

trol  
ɬ ɬ 

Progressive degeneration; poor 

histology  
Impaired trabecular structure  Poor limb loading  

5 Hz 5 2ɬ4 mm No significant change Minimal effect  No functional improvement  

10 Hz 10 2ɬ4 mm 
Reduced cartilage resorption; im-

proved morphology  
Improved trabecular structure  

Decreased pain; improved 

symmetry  

20 Hz 20 2ɬ4 mm 
Most beneficial effect; best histo-

logical outcomes 
Enhanced bone turnover 

Most significant functional 

improvement  

30 Hz 30 2ɬ4 mm 
Undesirable deterioration of carti-

lage 

Prevention of bone loss but poor 

functional results  
Increased asymmetry 

40 Hz 40 2ɬ4 mm 
Similar to 30 Hz; worsening of car-

tilage 

Increased turnover but detri-

mental to cartilage 

Worse pain and load distri-

bution  

 

3.3 Bone regeneration after injury and immobilization 

Vibration stimulation appears particularly promising for post -fracture management 

and prevention of immobilization -induced osteopenia. Physiological measurements show 

increased markers of bone turnover and improved microarchitectural restoration. By sup-

porting balanced activity between bone formation and resorption, vibration exposure may 

serve as a valuable adjunct in bone healing protocols [6, 22]. 
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3.4 Effects on balance and proprioception 

Patients with proprioceptive deficits following lower -limb trauma benefit from vi-

bration stimulation, exhibiting improved postural control, shorter reaction times, and en-

hanced stability during dynamic tasks. This is especially important in patients recove ring 

from long -term immobilization or surgical reconstruction of stabilizing structures  [9]. 

4. Interpretation, l imitations, and research prospects 

Current evidence suggests that vibration stimulation can effectively support muscu-

loskeletal recovery in trauma rehabilitation, particularly in early phases when traditional 

high-load exercises are contraindicated. Nevertheless, the clinical translation of these find-

ings is limited by substantial heterogeneity in stimulation parameters, application proto-

cols, and study designs. The absence of standardized therapeutic guidelines and limited 

long-term outcome data underscore the necessity for further well -controlled clinical stud-

ies to define optimal dosing strategies, safety limits, and injury -specific indications for  

vibration therapy [12,14].  

4.1 Interpretation in the context of trauma rehabilitation 

Synthesis of available evidence indicates that vibration stimulation effectively sup-

ports restoration of musculoskeletal function across a broad spectrum of traumatic condi-

tions [6,10]. Its benefits are most pronounced where neuromuscular activation is required 

without imposing excessive mechanical loadɭprecisely the scenario typical of early reha-

bilitation phases. Tissue-level improvements in perfusion, collagen organization, and 

bone remodeling further underscore its therapeutic potential  [9]. 

4.2 Limitations and need for standardization 

Despite promising outcomes, current research is limited by significant heterogeneity 

in study design. Inconsistent frequencies, amplitudes, application methods, and exposure 

durations complicate comparison and preclude universally applicable clinical guide lines 

[14]. Furthermore, robust long -term randomized controlled trials in traumatology remain 

scarce. 

To implement vibration therapy reliably in practice, standardized protocols must be 

developed and validated for specific injury types and patient categories  [12]. 

4.3 Prospects for further research 

Future studies should aim to:  

¶ define isolated and synergistic effects of vibration parameters, 

¶ evaluate long-term impacts on bone and soft tissue healing across diverse injury 

models, 

¶ establish therapeutic protocols with clearly delineated stimulation parameters,  

¶ identify safety thresholds for vulnerable patient groups.  

Such research will provide the foundation for integrating vibration therapy into rou-

tine traumatological rehabilitation  [7]. 

5. Discussion 

A comprehensive analysis of current literature suggests that controlled vibration 

stimulation constitutes a promising adjunct for restoring musculoskeletal function follow-

ing trauma. Its physiological effectsɭenhanced neuromuscular activation, improved mi-

crocirculation, and facilitation of sensorimotor recovery ɭalign well with therapeutic ob-

jectives in early and mid rehabilitation phases. Importantly, vibration provides a means 

of delivering mechanical stimulation in patients for whom conventional high -load exer-

cise is contraindicated[12]. 

Methodological inconsistencies, however, remain the primary barrier to clinical 

standardization. Variability in vibration parameters across studies limits comparability 
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and precludes definitive conclusions regarding optimal therapeutic dosing. Furthermore, 

safety considerations underline the necessity for controlled application, as excessive or 

inappropriate stimulation may compromise healing tissues or exacerbate functio nal defi-

cits [23]. 

Overall, the evidence supports the view that vibration therapy is an effective yet in-

sufficiently standardized modality requiring [10]. 

6. Conclusion  

Vibration stimulation represents a compelling complementary intervention within 

trauma rehabilitation, capable of supporting recovery of muscle function, enhancing pro-

prioception, and reducing the risk of atrophy during immobilization or reduced loading  

[6,10,14]. Its effectiveness is underpinned by combined neuromuscular, circulatory, and 

tissue-regenerative mechanisms, positioning it as a valuable asset within comprehensive 

rehabilitation frameworks  [21,15,17].. 

However, clinical integration requires:  

¶ standardized protocols specifying frequency, amplitude, duration, and application 

technique; 

¶ well -designed controlled trials targeting specific injury categories;  

¶ evaluation of long -term outcomes and identification of optimal stimulation parame-

ters. 

While current evidence supports its therapeutic potential, widespread clinical imple-

mentation of vibration stimulation necessitates consistent, high -quality scientific valida-

tion and the establishment of clear therapeutic guidelines  [12]. 
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Abstract: This paper presents a custom-made vacuum fixture developed for the automated machin-

ing of plastic and aluminum components used in Vanadium Redox Flow Batteries (VRFBs). Due to 

the thin -walled geometry and high flatness requirements of key reactor component s, conventional 

mechanical clamping methods often lead to deformation and insufficient accuracy. The proposed 

vacuum fixture utilizes an internal channel network and low -hardness EPDM foam seals to achieve 

uniform clamping forces and deformation -free machining. Additional features such as mechanical 

stops, coolant evacuation channels, and integration with a zero-point clamping system improve re-

peatability and reduce setup times. In practical operation, the solution reduced total manufacturing 

time by approximately 40% compared to conventional clamping. An economic evaluation shows 

that while injection molding is optimal for high -volume components, vacuum-fixture -based ma-

chining represents the most cost-effective solution for distribution plates at expected production 

volumes, offering rapid investment payback and high process flexibility.  

Keywords: custom-made vacuum fixture, manufacturing, vanadium redox flow battery, reactor  

 

1. Introduction  

The automation of the manufacturing process of complex systems such as Vanadium 

Redox Flow Batteries (VRFBs) often relies on automating the production of individual 

subsystems, ranging from assembly operations and mechanical parts to battery reactor 

components. The achievable level of automation is primarily influenced by economic in-

dicators, including the number of required parts, expected production volumes, manufac-

turing repeatability, and process scalability. In the context of VRFB component manufac-

turing, it is therefore essential to select machining and workholding solutions that are not 

only precise and reliable, but also economically viable and adaptable to varying produc-

tion volumes.  

2. VRFB System Overview and Machined Components  

A VRFB is a type of flow battery that utilizes vanadium -based electrolytes in different 

oxidation states. A typical VRFB system is shown in Fig. 1, while the core element of such 

energy storage systems is the electrochemical reactor, that is illustrated in Fig. 2. 

The reactor design follows a sandwich-type architecture and consists of a series of 

electrochemical cells stacked together. For reliable operation, electrical insulation, chemi-

cal resistance, and hydraulic stability must be ensured. Components responsible for posi-

tioning the electrochemically active elements therefore require high electrical non -con-

ductivity and excellent flatness in order to guarantee proper sealing performance.  
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These components mainly consist of thin plastic half-frames and distribution plates 

that form the structural skeleton of the reactor. They maintain the position of the electro-

chemically active elements, define electrolyte flow paths, and are typically manu factured 

from non -conductive polymer materials such as PVC or PP [2]. 

To achieve the required dimensional accuracy and flatness, the use of a custom-de-

signed vacuum fixture proved to be a suitable manufacturing solution. From an economic 

standpoint, vacuum -based machining is particularly advantageous for distribution plates,  

whereas high-volume components such as half-frames are more efficiently produced us-

ing injection molding.  

 

Figure 1. VRFB system. 

 

Figure 2. Electrochemical reactor ɬ exploded view . 

3. Vacuum Fixture, principle and advantages  

During the machining of plastic and in some cases aluminum components, one of the 

primary challenges is achieving rigid and precise clamping without inducing deformation 

of the workpiece. Plastic parts are often relatively soft, geometrically complex, or thin -

walled, making them susceptible to indentation, bending , or vibration when conventional 

mechanical clamping methods (jaws, clamps, vises) are used [1]. 
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A vacuum fixture provides an effective solution by utilizing negative pressure to 

clamp the workpiece uniformly across its entire contact surface. This approach signifi-

cantly reduces localized stresses and minimizes the risk of deformation during machining  

operations [7]. 

The main advantages of vacuum fixtures include:  

Ɉ Deformation -free clamping - uniform pressure distribution across the entire   

workpiece surface. 

Ɉ Fast and simple setup - the workpiece is positioned on the fixture and auto  

matically secured once the vacuum circuit is activated. 

Ɉ Improved machining accuracy - stable clamping prevents workpiece move   

ment, resulting in higher dimensional repeatability [4].  

Ɉ Capability to machine complex geometries and thin -walled components   

vacuum clamping can be adapted to various shapes and sizes [6]. 

Ɉ Reduced risk of surface damage - particularly important for plastic compo-

nents, where mechanical clamps may leave marks or cause defects [1]. 

Typical applications include machining of plastic covers, panels, thin -walled struc-

tures, post-processing of 3D-printed parts, prototypes, and small -batch production using 

plastics (e.g., PVC, PP, PE, POM, PC) as well as aluminum. 

3.1. Fixture Design and Technical Implementation 

The developed vacuum fixture incorporates an internal network of channels that con-

nect the vacuum circuit to the fixture surface. These channels terminate at the clamping 

surface and are equipped with fine filter screens that prevent chips and contaminants 

from entering the vacuum system. This design reduces the risk of clogging and vacuum 

loss during workpiece exchange [5]. 

Machined grooves on the fixture surface accommodate a sealing element, typically 

an EPDM foam seal with a circular cross-section. The sealing material must exhibit suffi-

cient elasticity: under compression, it deforms elastically, fills the groove volume, a nd en-

sures airtight sealing around the entire perimeter of the workpiece.  

Rubber foams such as EPDM are particularly suitable for this application due to their 

high flexibility, elasticity, and deformability. These materials can absorb mechanical en-

ergy and return elastically to their original shape after deformation. As a resul t, even thin 

or mechanically weak workpieces remain flat and are not deformed by the sealing pres-

sure [3]. 

For comparison, the hardness of the EPDM foam seal used in this application is ap-

proximately 15 Shore A, indicating a very soft sealing material. In contrast, conventional 

sealing materials often exhibit significantly higher hardness values, such as 40 Shore A for 

silicone seals or 70ɬ80 Shore A for harder elastomers like FKM. 

The use of a soft, low-hardness seal is advantageous when clamping thin plastic com-

ponents, as it compensates for minor surface irregularities and prevents localized pressure 

peaks that could otherwise lead to deformation or surface damage. 

The position of the grooves and seals is always customized for the specific workpiece 

geometry, maximizing the effective vacuum area. This is particularly important for large 

and thin components, where conventional mechanical clamping typically concentrate s 

forces at the edges, potentially causing concave deformation or uneven clamping, as com-

monly observed when thin plates are clamped in a vise. 

The combined use of vacuum clamping, sealing grooves, and elastic EPDM seals is 

therefore essential for: 

Ɉ uniform distribution of clamping forces,  

Ɉ minimization of deformation risks for thin components,  

Ɉ reliable machining of complex geometries,  

Ɉ preservation of surface quality and dimensional accuracy.  
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3.2. Integration into Production and Hybrid Clamping Concept 

In addition to the vacuum system, the fixture is equipped with mechanical stops and 

additional mechanical clamps. These elements ensure precise and repeatable positioning 

of the workpiece during serial production, which is particularly important when frequ ent 

workpiece changes are required. Mechanical stops significantly reduce handling and 

setup times, and when combined with vacuum clamping and optional mechanical lock-

ing, they allow more aggressive machining without the risk of workpiece displacement 

resulting in increased productivity.  

The fixture was designed to accommodate multiple workpiece types, including both 

plastic and aluminum plates, thereby maximizing its utilization across different stages of 

battery reactor manufacturing.  

An additional critical feature is the integrated coolant evacuation system used during 

machining operations such as through-hole drilling. When high -speed milling cutters or 

drills with internal coolant supply are used, blind holes may be created in the fi xture be-

neath the workpiece. Pressurized coolant can accumulate in these cavities. Without proper 

evacuation, the pressure difference between the coolant (up to approximately 30 bar) and 

ÛÏÌɯÝÈÊÜÜÔɯÚàÚÛÌÔɯȹÈ××ÙÖßÐÔÈÛÌÓàɯǸƕɯÉÈÙȺɯÊÖÜÓËɯÊÖÔ×ÙÖÔÐÚÌɯÛÏÌɯÝÈÊÜÜÔɯseal, poten-

tially leading to vacuum loss and workpiece pull -out. 

To prevent this, the fixture contains additional evacuation channels that divert excess 

coolant away from the vacuum zone, ensuring stable clamping even during machining 

operations with internal coolant delivery.  

To further enhance flexibility and reduce downtime, the fixture is integrated with a 

zero-point clamping system. This enables rapid fixture changes without the need for re-

peated alignment, which is particularly advantageous when switching between different  

workpiece types or production setups.  

In practical operation, this approach resulted in an approximately 40% reduction in 

total manufacturing time, including handling and machining, compared to conventional 

mechanical clamping methods such as jaws, clamps, or vises. Manufactured vacuum fix-

ture is shown at Figure 3.  

 

Figure 3. Custom-made vacuum fixture . 

4. Economic Evaluation of Manufacturing Technologies  

An economic comparison was conducted for two types of VRFB components: half-

frames and distribution plates. For half -frames, an injection molding tool was manufac-

tured, resulting in a significant reduction in production costs. The original machining cost 
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ÞÈÚɯÈ××ÙÖßÐÔÈÛÌÓàɯȥƕƕƚɯ×ÌÙɯ×ÈÙÛȮɯÞÏÌÙÌÈÚɯÈÍÛÌÙɯÐÔ×ÓÌÔÌÕÛÈÛÐÖÕɯÖÍɯÐÕÑÌÊÛÐÖÕɯÔÖÓËÐÕÎȮɯÛÏÌɯ

ÊÖÚÛɯËÌÊÙÌÈÚÌËɯÛÖɯÈ××ÙÖßÐÔÈÛÌÓàɯȥƜȭƙɯ×ÌÙɯ×ÈÙÛȭ 

3ÏÌɯÐÕÝÌÚÛÔÌÕÛɯÊÖÚÛɯÖÍɯÛÏÌɯÐÕÑÌÊÛÐÖÕɯÔÖÓËɯÞÈÚɯȥƗƘƔȮƔƔƔȮɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÈɯÉÙÌÈÒ-

even point of approximately 3334 produced parts. Given the production volumes antici-

pated for this project, injection molding represents the most economically advantageous 

solution for this component type.  

A different situation applies to distribution plates. Manufacturing without a dedi-

cated fixture was compared to production using the custom vacuum fixture, which sig-

nificantly reduces machining time and labor costs. The vacuum fixture reaches its break-

even point after approximately 150 produced parts, which is well within the planned pro-

duction volumes.  

In contrast, comparison with a potential injection molding solution showed that mold 

payback would occur at approximately 10858 parts, a quantity far exceeding the expected 

demand for this component. As a result, manufacturing an injection mold for distrib ution 

plates would not be economically justified.  

These findings indicate that injection molding is the most efficient manufacturing 

method for half -frames, while vacuum fixture -based machining represents the optimal 

economic solution for distribution plates, offering the shortest investment payback and 

the lowest operating costs for realistically expected production volumes.  

This project consists of the production of 550 reactors, where the resulting number of 

half frames is 44000 and 1100 distribution plates. A detailed quantitative comparison is 

presented in Figure 4. 

 

Figure 4. Economic table of comparison (OPEX operating expenses, CAPEX capital expenses). 

5. Conclusion  

The conducted analysis confirms that the selected custom-made vacuum fixture rep-

resents the most suitable solution for manufacturing distribution plates within the VRFB 

system. Its implementation significantly reduces machining time, lowers operating costs , 

and achieves rapid economic payback even at relatively low production volumes.  

Comparison with alternative manufacturing technologies demonstrates that invest-

ment in an injection molding tool would be economically inefficient for this component 

given the expected production quantities, whereas the vacuum fixture provides an opti-

mal balance between cost efficiency, process flexibility, and high-precision manufactur-

ing. The economic evaluation therefore clearly confir ms the suitability and effectiveness 

of the proposed solution.  
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Abstract: Extrusion -based 3D concrete printing requires reliable prediction of buildability, i.e., the 

ability of a fresh, layer -wise structure to retain its shape under self-weight without premature struc-

tural instability, such as elastic buckling or plastic collap se. Finite element analysis (FEA) is therefore 

adopted to quantify the structural response during deposition. In this paper, a pre -processing work-

flow implemented in Grasshopper using the VoxelPrint plug -in was employed to generate a finite 

element (FE) model. Abaqus/Standard was used as the solver with stepwise element activation to 

represent the deposition sequence. The analysed component was a cylindrical wall of fresh-state 

concrete under self-weight loading. Material behaviour was described u sing a time-dependent con-

stitutive model based on the MohrɬCoulomb criterion.  

Keywords: 3D concrete printing; buildability; VoxelPrint; early -age concrete; time-dependent ma-

terial model  

 

1. Introduction  

Buildability is one of the main criteria in extrusion -based 3D concrete printing and 

describes the ability of the fresh, progressively deposited structure to retain its geometry 

during printing. It characterises the capacity of the extruded filament and the growing 

layer-wise body to sustain self-weight and the additional loading from subs equently de-

posited layers without excessive deformation or loss of stability. Buildability is typically 

assessed through the limiting build height, often expressed as the maximum number of 

layers that can be deposited before the onset of structural instability, such as elastic buck-

ling or plastic collapse. Insufficient buildability results in reduced dimensional accuracy 

and an increased risk of failure due to structural instability during printing [ 1,2]. 

Finite-element analyses (FEA) enable prediction of the evolving structural response 

during deposition and help identify conditions leading to premature failure. Wolfs and 

Suiker [3] investigated failure of extrusion -based 3D-printed walls by elastic buckling and 

plastic collapse using a parametric model with closed -form expressions. The model 

showed very good agreement with the finite -element simulations and 3D printing exper-

iments across different wall geometries and curing rates, and it captured the transition 

from buckling to plastic collapse as material properties evolved. Wolfs et al. [ 4] developed 

a finite-element model to describe the early-age mechanical behaviour of fresh concrete 

after deposition using a time -dependent MohrɬCoulomb failure criterion with a linear 

stressɬstrain response up to failure. The model was calibrated using uniaxial compression 

and direct shear tests and validated against printing experiments, accurately predicting 

the observed failure mode despite some quantitative deviations. Vantyghem et al. [ 5] con-

ducted a comparative study based on the work of Wolfs et al. [ 4] and introduced the 
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Grasshopper plug-in VoxelPrint for generating voxel -discretised FE models of 3D con-

crete printing. They examined the influence of voxel size and the number of computa-

tional steps, and reported close agreement with Wolfs et al. 

VoxelPrint is a plug -in for the Grasshopper visual programming environment inte-

grated into Rhinoceros 3D. The plug-in discretises the geometry using voxelisation, ena-

bling FE mesh generation via a direct voxel-to-element mapping and sequential element 

activation to represent the deposition sequence in the numerical simulation, without re-

quiring contact constraints between segments. The workflow relies on a sequence of in-

terconnected components in the Grasshopper environment to build the numerical model 

and generate the Abaqus input file (.inp) [ 5,6]. 

2. Numerical Modelling  

2.1  Numerical Model Generation 

A numerical model of a cylindrical wall representing an extrusion -based 3D-printed 

structure was generated using the Grasshopper plug-in VoxelPrint. The model geometry 

was defined by a mean radius of 180 mm, a thickness of 16 mm, and a layer height of 8 

mm. 

The basic VoxelPrint workflow comprises five interconnected components ɬ two core 

(BrepToVoxel, VoxelToAbaqus) and three auxiliary ( Material, PrintSettings, VoxelPreview). 

The setup defines voxel geometry, material properties, and print parameters required for 

generating the Abaqus input file.   

Figure  shows interconnections among VoxelPrint components forming the work-

flow adopted for numerical modelling.  

 

Figure 1. Interconnections among the VoxelPrint components. 

Using the BrepToVoxel component, the geometry was discretised into three-dimen-

sional cubic elements (voxels). The voxel distribution follows the decomposed printing 

path and is primarily governed by the deposited bead width and the voxel size (spatial 

discretisation). A voxel size of 8 mm was used in this study.  

The finite -element discretisation generated using VoxelPrint is shown in Figure. 
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Figure  2. Finite-element discretisation of the cylindrical wall.  

2.2 Mohr-Coulomb criterion and material properties 

The numerical model was based on a time-dependent MohrɬCoulomb failure crite-

rion and linear stressɬstrain behaviour up to failure. In its expanded form to include the 

time-dependent development of material properties, it is given by:  

ϧ ὅὸ ϦÔÁÎ•ὸ , (1) 

where ϧ is the shear yield stress, Ϧɬ normal stress, ὅɬ cohesion between particles, •- 

the angle of internal friction caused by the frictional resistance and interlocking between 

internal particles. Both ὅ and • may be time-dependent [4]. 

The material used was fresh concrete, with time-dependent material properties 

adopted from Wolfs et al. [ 4]. The authors of the referenced study determined the Mohrɬ

Coulomb parameters for this material as functions of concrete age based on the results of 

direct shear tests. The cohesion is given by the function:  

ὅὸ πȢππππυψὸ πȢππσπυ, (2) 

where ὅ is the cohesion [MPa], ὸɬ concrete age [min] [4]. 

Experimental results did not indicate an obvious proportion between material age 

and the internal friction angle; therefore, a constant value of the internal friction angle, 

• ςπᶼ, was adopted.  

Then, equation (1) can be written as [4]: 

ϧ ὸ πȢππππυψὸ πȢππσπυϦÔÁÎςπЈ. (3) 

Based on compression test results, the time-dependent stiffness and deformation be-

ÏÈÝÐÖÜÙɯÞÌÙÌɯÌÚÛÈÉÓÐÚÏÌËȭɯ3ÏÌɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÊÖÕÊÙÌÛÌɯÈÎÌɯÞÈÚɯËÌÛÌÙɪ

mined at 5% strain and is given by:  

Ὁὸ πȢππρςὸ πȢπχψ, (4) 

where Ὁ ÐÚɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯȻ,/ÈȼɯÈÕË ὸɬ concrete age [min] [4,5]. 

The material constants were density ” ςπχπ kg.m -3, Poisson's ratio ’ πȢσ and 

dilation angle ‪ ρσЈ. [4,5]. 
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3. Numerical Simulation  

The numerical simulations were performed in Abaqus/Standard using a Static, Gen-

eral procedure. The geometry was discretised using three-dimensional solid elements 

(C3D8) with a characteristic element size equal to the voxel size (8 mm). The resulting FE 

mesh consisted of approximately 14 200 elements, which were partitioned into element 

sets containing a prescribed number of elements to enable stepwise activation and repre-

sent progressive material deposition during the printing process.  

In the initial step, all elements were deactivated, and in subsequent steps, element 

sets were activated stepwise along the toolpath using Model Change (ADD with strain). 

Self-weight was applied as a gravitational body load, and the base surface of the first de-

posited layer was fully constrained.  

Geometrical nonlinearity was included to capture large displacements and stability 

effects. Failure was assumed to occur upon the onset of yielding within the structure, in-

dicated by the development of plastic strain. Plastic strain was therefore used as the pri-

mary response quantity to assess buildability. Thermal effects, interlayer bonding imper-

fections, and post-yield viscous behaviour were not considered in the numerical model.  

4. Results 

The numerical simulation captures the progressive development of plastic defor-

mation and the emergence of the failure mechanism within the printed cylindrical wall. 

Plastic strain (PE) was evaluated to identify the onset and evolution of yielding within th e 

structure. Figure presents the evolution of maximum principal  plastic strain in the 3D-

printed cylindrical wall, illustrating how plastic deformation initiates in the upper part of 

the wall and progressively localises in the region of maximum curvature  of the wall  as 

instability develops. The figure shows the failure mechanism, with the color scale modi-

fied for visualization purposes. The results correspond to selected representative incre-

ments within the final printing step, captured during the deposition of the l ast layer at 

which collapse occurred.  

 

 

 (a) (b) (c) (d) 

Figure  3. Numerical results of PE, Max. Principal in 3D -printed cylindrical wall for increments: ( a) 

35; (b) 45; (c) 80; (d) 300).  

The failure  was initiated during the deposition of the 49th layer, after 48 layers had 

been fully activated . This corresponds to a critical build height of 392 mm.  At the onset of 

failure, the maximum principal plastic strain reached 0.6828, indicating localisation of 

plastic deformation in the upper  region of the wall . The lower part of the wall remained 

predominantly  elastic. 
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5. Conclusions 

This study investigated the early -age buildability of an extrusion -printed cylindrical 

concrete wall using finite element simulation. The numerical model was generated in 

Grasshopper using the VoxelPrint pre -processing workflow, and the analyses were per-

formed in Abaqus/Standard with stepwise element activation along the printing path to 

represent progressive deposition under self-weight . 

Plastic strains developed predominantly in the upper part of the wall and localised 

in the region of maximum lateral deflection, whereas the lower part remained essentially 

elastic. The observed failure mechanism is therefore interpreted as elasticɬplastic buckling 

of the upper wall region driven by self -weight.  The buildability limit of the analysed con-

figuration was reached at a critical build height of 392 mm.  
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Quantitative and Visual Assessment of Burn Scars Using 3D 

Scanning 
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Abstract: Objective assessment of burn scars is important for clinical documentation and evaluation 

of treatment outcomes. Conventional two -dimensional methods are limited in their ability to cap-

ture complex surface geometry, whereas three-dimensional (3D) scanning enables non-contact 

quantitative and visual assessment of scar morphology. This study compared two 3D scanning sys-

tems-a professional structured-light scanner (Artec Eva) and a portable infrared structured -light 

scanner (Revopoint Miraco)-for bur n scar assessment across anatomically diverse regions. Five pa-

tients with scars located on the arm, shoulder, chest, and thigh were included. Three-dimensional 

surface models were generated using both scanners, and scar surface area, maximum length, and 

maximum width were measured. Qualitative visual comparison of the reconstructed models was 

also performed. Surface area measurements showed close agreement between scanners, with abso-

lute differences ranging from 16 .6 to 670.ƔɯÔÔƴɯÈÕËɯÕÖɯÚàÚÛÌÔÈÛÐÊɯËÐÙÌÊÛÐÖÕal trend. Linear meas-

urements of length and width demonstrated even smaller differences, remaining within a few mil-

limeters across all cases. Visual assessment revealed differences in color representation, with Miraco 

reconstructions displaying more vivid scar appearance; however, these differences did not affect 

quantitative results. Overall, both scanning systems provided consistent measurements across dif-

ferent anatomical locations, supporting their use for objective burn scar documentation and future 

personalized treatment applications.  

Keywords: burn scars, 3D scanning, surface area 

 

1. Introduction  

Objective measurement of scar characteristics is crucial in clinical burn care to eval-

uate healing, plan treatment, and monitor progression over time. Traditional two -dimen-

sional (2D) methods (e.g., ruler measurements and photography) are limited by geometric 

distortions and cannot fully represent the complex 3D geometry of human skin surfaces. 

These limitations can result in inaccurate area estimation and hinder longitudinal assess-

ment of irregular scars [1,2]. 

Three-dimensional imaging technologies, such as stereophotogrammetry and struc-

tured light scanning, provide non -contact surface reconstructions that can overcome these 

limitations. These approaches have been shown to yield reliable surface measurements 

and capture detailed morphology in studies of scar and wound assessment [3-5]. For ex-

ample, 3D stereophotogrammetry was demonstrated as a valid technique for measuring 

scar volume and surface area with high repeatability [3]. Similarly, dedicated wound scan-

ners have shown strong agreement with clinical measurement techniques in quantifying 

wound and scar dimensions [6].  

Objective imaging tools improve upon subjective clinical scar scales, such as the Van-

couver Scar Scale or Patient and Observer Scar Assessment Scale (POSAS), by reducing 

observer variability and providing quantifiable endpoints [7]. Digital 3D methods have  
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also been utilized in other wound contexts, including chronic ulcer and surgical sites, in-

dicating broad applicability of these techniques for surface characterization [8,9].  

However, direct comparative studies of different 3D scanning systems for burn scar 

assessment remain limited. Most research focuses on either validating a single device or 

describing a specific imaging methodology, without systematic evaluation across devi ces 

on clinical patient data. Furthermore, the impact of anatomical region ɭ with its associ-

ated curvature and surface variation ɭ on measurement agreement between devices is 

not well characterized.  

In this study, we evaluated surface area and linear dimensions of burn scars obtained 

from two distinct 3D scanning systems across five patients with scars on different ana-

tomical locations. We also conducted qualitative visual evaluations of the 3D reconstruc-

tions to explore differences in surface detail representation. 

2. Materials and Methods  

To obtain data, ethical approval was first secured, and informed consent was ob-

tained from each patient. This study was approved by the Ethics Committee of AGEL 

'ÖÚ×ÐÛÈÓɯ*ÖįÐÊÌ-§ÈÊÈɯȹ2ÓÖÝÈÒÐÈȺɯÜÕËÌÙɯÛÏÌɯÕÜÔÉÌÙɯƕƛ-2023. 

This study utilized two types of three -dimensional documentation of the same burn 

scar, acquired using different 3D scanning technologies. The objective was to compare the 

quality and usability of a professional and a portable 3D scanning system for quanti tative 

and visual assessment of burn scars. 

A high -precision 3D model of the scar was acquired using the Artec Eva scanner (Ar-

tec 3D, Luxembourg). This professional handheld device employs structured -light projec-

tion and is widely used in medical and scientific applications requiring high geometric 

accuracy. The scan provided detailed surface reconstruction suitable for quantitative anal-

ysis of scar surface area, as well as visual assessment of surface morphology. Owing to its 

established accuracy, this dataset was used as a reference for comparative evaluation.   

A second 3D model of the same scar was obtained using the Revopoint Miraco scan-

ner (Revopoint 3D, China), a compact and portable device utilizing infrared structured 

ÓÐÎÏÛɯÛÌÊÏÕÖÓÖÎàȭɯ3ÏÌɯÚÊÈÕÕÌÙɀÚɯÓÐÎÏÛÞÌÐÎÏÛɯËÌÚÐÎÕɯÈÕËɯÌÈÚÌɯÖÍɯÜÚÌɯÔÈÒÌɯÐÛɯÚÜÐÛÈÉÓÌɯÍÖÙɯ

simplified and cost -effective scanning scenarios. The resulting 3D model provided suffi-

cient resolution for visual inspection and basic quantitative measurements, although fine 

surface details were less consistently represented compared to the professional scanning 

system.  

All scans were performed with the patient in a stable seated position to minimize 

ÔÖÛÐÖÕɯÈÙÛÐÍÈÊÛÚȭɯ!ÖÛÏɯÚÊÈÕÕÐÕÎɯËÌÝÐÊÌÚɯÞÌÙÌɯÖ×ÌÙÈÛÌËɯÈÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙÚɀɯ

recommendations, maintaining a consistent scanning distance and coverage of the scarred 

region. Each scan was completed within a single session to ensure comparable acquisition 

conditions.  Following acquisition, the raw scan data were processed using the proprietary 

software provided by each manufacturer. Processing steps included alignment of individ-

ual frames, noise reduction, and reconstruction of the final surface mesh.  

2.1. Data Processing and Surface Segmentation 

The processed 3D models from both scanning systems were exported as polygonal 

mesh files in .obj format, including the associated texture information. The meshes were 

subsequently imported into the freeware software Meshmixer (Autodesk Inc., San Rafael, 

CA) for segmentation of the scarred areas. 

All segmentation procedures were performed by a single operator to ensure meth-

odological consistency across datasets obtained from both scanners. The segmentation 

workflow comprised the following steps:   

¶ removal of residual scanning artifacts and mesh imperfections,   

¶ manual delineation of the burn scar using surface selection tools,  

¶ separation of the segmented scar region into an independent mesh object, 
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¶ ÊÈÓÊÜÓÈÛÐÖÕɯÖÍɯÚÊÈÙɯÚÜÙÍÈÊÌɯÈÙÌÈɯȹÔÔƴȺɯÜÚÐÕÎɯ,ÌÚÏÔÐßÌÙɀÚɯÐÕÛÌÎÙÈÛÌËɯÔÌÈÚɪ

urement tools (Figure 1). 

 

Figure 1. Segmentation and measurement of scarred area. 

2.2. Linear Measurements  

Maximum scar length and maximum scar width were measured directly from the 

three-dimensional surface models exported in .obj format. All linear measurements were 

performed using Artec Studio software (Artec 3D, Luxembourg), which provides tools for 

distance and dimensional analysis on polygonal mesh models. 

For each patient, .obj files generated by both scanning systems were imported into 

Artec Studio. Maximum scar length was defined as the longest visible axis of the scar, 

while maximum width was measured along the perpendicular axis  (Figure 2). To mini-

mize variability related to measurement technique, all measurements were performed by 

a single operator following a standardized protocol and using the same software environ-

ment for both scanners. 

 

Figure 2. Linear measurement of scar dimensions (length and width) . 

2.3. Visual Assessment 

In addition to quantitative analysis, a qualitative visual comparison of the 3D recon-

structions was performed. Corresponding models obtained from both scanners were vis-

ually inspected to assess surface smoothness, boundary delineation, and local texture rep-

resentation. This visual assessment was descriptive in nature and aimed to identify qual-

itative differences in scar appearance between the two scanning systems. 
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3. Results 

3.1. Surface Area Measurements 

Surface area measurements obtained from the two 3D scanning systems are summa-

rized in Table 1. Across all five patients, both scanners produced surface area values 

within comparable ranges, despite substantial differences in scar size between individu-

als. 

Surface area measured using the Artec Eva scanner ranged from 3927.48 to 25 892.20 

ÔÔƴȮɯÞÏÐÓÌɯÝÈÓÜÌÚɯÖÉÛÈÐÕÌËɯÜÚÐÕÎɯÛÏÌɯ1ÌÝÖ×ÖÐÕÛɯ,ÐÙÈÊÖɯÚÊÈÕÕÌÙɯÙÈÕÎÌËɯÍÙÖÔɯƗƝƕƔȭƜƜɯÛÖɯ

25 ƖƖƖȭƖƔɯÔÔƴȭɯ ÉÚÖÓÜÛÌɯËÐÍÍÌÙÌÕÊÌÚɯÐÕɯÔÌÈÚÜÙÌËɯÚÜÙÍÈÊÌɯÈÙÌÈɯÉÌÛÞÌÌÕɯÛÏÌɯÛÞÖɯÚàÚÛÌÔÚɯ

ÝÈÙÐÌËɯÍÙÖÔɯƕƚȭƚƔɯÛÖɯƚƛƔȭƔƔɯÔÔƴȭ 

The smallest difference was observed in Patient 5, where surface area values differed 

ÉàɯÖÕÓàɯƕƚȭƚƔɯÔÔƴȮɯÐÕËÐÊÈÛÐÕÎɯÝÌÙàɯÊÓÖÚÌɯÈÎÙÌÌÔÌÕÛɯÉÌÛÞÌÌÕɯÚÊÈÕÕÌÙÚɯÍÖÙɯÚÔÈÓÓÌÙɯÚÊÈÙÚȭɯ

The largest difference was observed in Patient 3 ƚƛƔȭƔƔɯÔÔƴȮɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯÓÈÙÎÌÚÛɯ

scar in the dataset. When considered relative to the total scar size, this difference remained 

low and did not exceed approximately 3%.  

Across the dataset, both positive and negative differences were observed, with no 

consistent tendency toward higher or lower surface area values for either scanning sys-

tem. These findings indicate that both scanners provide comparable surface area meas-

urements across scars of varying size and anatomical location. 

Table 1. Surface Area Measurements.  

Patient  
Surface area  

Artec Eva (mm 2) 

Surface area Revopoint 

Miraco (mm 2) 

Difference in measured 

surface area (mm2) 

Patient 1 5002.16 4932.94 69.22 

Patient 2 9464.6 9770.55 305.95 

Patient 3 25892.2 25222.2 670 

Patient 4 10219.9 10486.6  266.7 

Patient 5 3927.48 3910.88 16.6 

3.2. Linear Measurements: Length and Width 

Maximum scar length and width measurements obtained from both 3D scanning sys-

tems are summarized in Table 2. Across all five patients, linear dimensions measured us-

ing the Artec Eva and Revopoint Miraco scanners showed close agreement. 

Maximum scar length measured with the Artec Eva scanner ranged from 43.32 to 

229.88 mm, while corresponding measurements obtained using the Revopoint Miraco 

scanner ranged from 46.05 to 226.42 mm. Absolute differences in length measurements 

between the two systems ranged from 0.86 to 3.46 mm. 

Similarly, maximum scar width values ranged from 54 .58 to 263.44 mm for Artec Eva 

and from 56.93 to 266.68 mm for Revopoint Miraco. Differences in width measurements 

varied between 1.78 and 3.83 mm across patients. 

No consistent directional trend was observed in either length or width measure-

ments, as both scanners alternately produced slightly higher or lower values depending 

on the individual case. Compared to surface area measurements, variability between scan-

ners was lower for linear dimensions, indicating high consistency in capturing global scar 

geometry. 
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Table 2. Linear Measurements: Length and Width .  

Patient  
Artec Eva (mm) Revopoint Miraco (mm)  

Difference in  linear  

measurements (mm) 

length  width  length  width  length  width  

Patient 1 43.32 112.93 46.05 115.85 2.73 2.92 

Patient 2 124.37 145.88 123.16 142.05 1.21 3.83 

Patient 3 144.2 263.44 143.34 266.68 0..86 3.24 

Patient 4 229.88 76.37 226.42 74.59 3.46 1.78 

Patient 5 87.6 54.58 88.69 56.93 1.09 2.35 

3.3. Visual comparison of 3D Reconstruction 

Visual inspection of the 3D reconstructions showed that both scanning systems suc-

cessfully captured the scar regions across all anatomical locations. The scars were clearly 

identifiable on the reconstructed surfaces in all cases. 

A noticeable difference between the two systems was observed in the colour  repre-

sentation of the textured models. In the Miraco reconstructions  (Figure 3), the scar regions 

appeared with more pronounced and vivid colour contrast compared to the surrounding 

tissue. In contrast, the Artec models generally exhibited more subdued colour tones, re-

sulting in a less visually accentuated scar appearance. 

In addition to colour  differences, minor variations in surface smoothness and local 

texture representation were observed between the scanners. However, these visual differ-

ences did not correspond to substantial discrepancies in quantitative measurements of 

surface area or linear dimensions. 

Overall, both scanners provided visually interpretable 3D models suitable for quali-

tative assessment of burn scars, with differences primarily related to visualization charac-

teristics rather than measurable geometric parameters. 

 

Figure 3. Visual comparison of 3D Reconstruction, a) Artec Eva, b) Revopoint Miraco.  
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4. Discussion 

This study compared two 3D scanning systems for quantitative and visual assess-

ment of burn scars located on anatomically diverse regions. Both scanners provided com-

parable measurements of scar surface area as well as linear dimensions, indicating con-

sistent capture of global scar geometry. 

Differences in surface area between systems were small and showed no systematic 

directional trend. Linear measurements of length and width exhibited even closer agree-

ment, suggesting that variability between scanners is primarily related to surface recon-

struction and segmentation rather than overall dimensional accuracy.  

Visual inspection revealed differences in the appearance of textured models, partic-

ularly in colour  representation. Scar regions appeared more vividly coloured in Miraco 

reconstructions, whereas Artec models showed more muted tones. These visual differ-

ences did not correspond to substantial differences in quantitative measurements. 

The main limitation of this study is the small sample size; however, inclusion of scars 

from multiple anatomical locations supports the applicability of both scanning systems 

across surfaces with varying curvature. Importantly, accurate 3D scanning and reliable 

scar segmentation are essential not only for objective clinical documentation but also for 

the future development and research of 3D-printed, patient -specific compression gar-

ments for burn treatment. Overall, the results indicate that both professional and portable 

3D scanners can be used for objective burn scar documentation. 
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Abstract: Automation of container handling represents a significant challenge in modern logistics 

and port systems. A critical step in this process is the reliable identification and localization of con-

tainers during the operation of a container spreader. This artic le focuses on the application of con-

volutional neural networks (CNNs) to the task of image classification within the control process of 

a spreader in a container terminal model. The proposed solution is based on the ResNet-50 archi-

tecture and is integrated into an object detection framework using YOLOv5, enabling real  time   

image processing. Experimental results confirm that the combination of detection and classification 

achieves high accuracy and robustness even when trained on a limited amount of data.  

Keywords: convolutional neural network, image classification, container spreader, ResNet -50, 

YOLOv5, transfer learning, computer vision  

 

1. Introduction  

Container transport forms the backbone of the global logistics chain, and its efficiency 

directly affects the speed and cost of goods transportation. Container handling in ports 

and container terminals is often based on manual or semi-automated control, wh ich is 

prone to human error and limited reaction times. With the advancement of the Industry 

4.0 paradigm, there is an increasing demand for autonomous systems capable of inde-

pendent decision-making based on sensory data. One of the key challenges in implement-

ing real time control of a container terminal model is the reliable recognition of containers 

in camera imagery and their discrimination from other objects present in the scene. Tra-

ditional image processing methods, such as color thresholding or edge detection, prove 

insufficient under real -world operating conditions. Deep neural networks, and convolu-

tional neural networks in particular, offer a substantially higher level of robustness and 

accuracy [1]. 

Several prior studies have addressed related problems in automated container han-

dling using deep learning and computer vision. Lee [7] proposed a deep learningɬassisted 

system for real-time container corner casting recognition using a recurrent neural netw ork 

with LSTM units combined with GoogLeNet features, achieving an average detection ac-

curacy exceeding 98% under diverse real-world conditions. Wang [8] applied convolu-

tional neural networks to the recognition and positioning of container lock holes for i ntel-

ligent handling terminals, demonstrating the feasibility of CNN -based approaches for 

precise spatial localization tasks in container manipulation. More recently, Nguyen Thi 

Phuong et al. [9] employed the YOLO-NAS architecture for automated container da mage 

detection, achieving a mean average precision (mAP) of 91.2% in real-time inspection sce-

narios at port facilities. While these works address specific subtasks of container handling 

ɭ corner casting detection, lock hole positioning, and damage inspection ɭ the integra-
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tion of a two -stage pipeline combining fast object detection with dedicated image classifi-

cation for container spreader control remains underexplored. The present work aims to 

fill this gap by proposing a YOLOv5 + ResNet -50 pipeline specifically designed for real 

time container identification in a bridge crane model environment.  

2. Convolutional neural networks  and ResNet-50 architecture 

Convolutional neural networks constitute a fundamental deep learning tool for 

image data processing. Their principal advantage lies in the ability to automatically ex-

tract relevant features without the need for manually designed descriptors [2]. CNNs em-

ploy convolutional filters, pooling layers, and nonlinear activation functions to hierarchi-

cally model visual structures.  

The ResNet (Residual Network) architecture, described for example in [1], addresses 

the problem of accuracy degradation in very deep networks through the introduction of 

residual (skip) connections. ResNet-50 consists of 50 layers and enables effective training 

of deep models without suffering from vanishing gradients. Owing to these properties, it 

is well suited for industrial applications where high accuracy and model stability are re-

quired.  

Within the control process of a bridge crane model, ResNet-50 is employed as a clas-

sification model, leveraging the principle of transfer learning. Pretrained weights from the 

ImageNet dataset serve as the foundation, while only the final fully connected l ayer is 

trained and adapted to the target classes. The objective is to recognize containers (Fig. 1) 

within the terminal environment in order to guide the spreader toward container grasping 

as efficiently as possible.  

 

Figure 1. Container Stacking Strategy in the Container Terminal Model .  

3. Coupling Image Classification with Object Detection Based on the YOLOv5 Frame-

work  

Standalone classification of the entire image is insufficient for bridge crane control, 

as the camera captures a complex scene containing multiple objects. For this reason, a 

combined detection / classification approach is implemented. Object detection within the 

image is performed using the YOLOv5 (You Only Look Once) model, which ranks among 

the fastest detection algorithms and is well suited for real  time applications [3].  

The system pipeline is structured as follows:  

1. 3ÏÌɯÊÈÔÌÙÈɯÊÈ×ÛÜÙÌÚɯÛÏÌɯÐÔÈÎÌɯÖÍɯÛÏÌɯÚ×ÙÌÈËÌÙɀÚɯÞÖÙÒÐÕÎɯÈÙÌÈɯȹ%ÐÎȭɯƖȺ 

2. YOLOv5 detects objects in the scene and generates bounding boxes. 

3. The cropped regions are subsequently provided as input to the ResNet-50 classifica-

tion model.  
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The classification output determines whether the detected object corresponds to a 

container or to a different type of object.  

 

Figure 2. Perspective View of the Container Terminal Model . 

4. Dataset Composition, Model Training, and Experimental Results  

The dataset used in this project consists of a combination of the public CIFAR-10 da-

taset and a custom-defined container class. The CIFAR-10 dataset was selected as the base 

because it provides a diverse set of 60,000 labeled images across 10 general object catego-

ries, enabling the classifier to develop robust low -level and mid -level feature representa-

tions before specializing for the target container class. This strategy leverages the known 

effectiveness of multi-class pretraining for improving generalizat ion in fine -grained clas-

sification tasks [4]. The custom container class comprised 120 manually annotated images 

captured from the terminal model camera under varying lighting conditions and viewing 

angles. After applying data augmentation ɭ including rota ÛÐÖÕÚɯȹǷƕƙȘȺȮɯÚÊÈÓÐÕÎɯȹƔȭƜɬƕȭƖǺȺȮɯ

ÉÙÐÎÏÛÕÌÚÚɯÑÐÛÛÌÙÐÕÎɯȹǷƖƔǔȺȮɯÏÖÙÐáÖÕÛÈÓɯÍÓÐ××ÐÕÎȮɯÈÕËɯ×ÌÙÚ×ÌÊÛÐÝÌɯÛÙÈÕÚÍÖÙÔÈÛÐÖÕÚɯɭ the 

container class was expanded to approximately 840 samples. The final combined subset 

of CIFAR-10 dataset contained 6800 images. An 80/10/10 split was applied, resulting in 

5440 training images, 680 validation images, and 680 test images. The test set was held out 

entirely during training and used solely for final evaluation.  

Training was performed using the Adam optimizer [5] with an initial learning rate 

ÖÍɯƕǺƕƔǇƵɯÈÕËɯÈɯÉÈÛÊÏɯÚÐáÌɯÖÍɯƚƘȮɯÐÕɯÊÖÕÑÜÕÊÛÐÖÕɯÞÐÛÏɯÛÏÌɯÊÙÖÚÚ-entropy loss function. Train-

ing was conducted for 50 epochs with early stopping (patience = 5) based on validation 

loss. The experimental results (Fig. 3) demonstrate that the model converges reliably. On 

the held-out test set, the ResNet-50 classifier achieved an overall accuracy of 94.2%, with 

the container class reaching a precision of 0.96, recall of 0.94, and F1-score of 0.95. When 

integrated with YOLOv5 detection (confidence threshold 0.85), the end -to-end pipeline 

achieved a container detection mAP@0.5 of 0.93 and a combined classification F1-score of 

0.94. 

Table 1. Comparison of classification approaches on the container test set. 

Method  Precision  Recall F1-score 

Color Thresholding  0.68 0.56 0.61 

ResNet-50 (standalone) 0.91 0.84 0.87 

MobileNetV2 + YOLOv5  0.92 0.87 0.89 

ResNet-50 + YOLOv5 (proposed) 0.96 0.94 0.95 
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For comparison, Table 1 presents baseline results obtained using alternative ap-

proaches on the same test set: a standalone ResNet-50 classifier without YOLO detection 

achieved an F1-score of 0.87 for the container class, while a color-based thresholding 

method achieved only 0.61. A MobileNetV2 classifier combined with YOLOv5 reached an 

F1-score of 0.89, confirming the advantage of the deeper ResNet-50 backbone in this ap-

plication.  

 

(a) Loss.       (b) Accuracy. 

Figure 3. Visualization of Training Progress ɬ Loss and Accuracy. During training, both loss and 

accuracy were monitored on the training and validation datasets. The plots show a consistent de-

crease in loss, while accuracy steadily increases until reaching a plateau, indicating effective learn-

ing behavior without pronounced signs of overfitting.  

To achieve higher accuracy, object detection using YOLOv5 was incorporated into 

the system. YOLOv5 is a state-of-the-art deep learning algorithm designed for real  time 

object detection. It belongs to the You Only Look Once (YOLO) family of models, whose 

defining characteristic is the ability to perform object detection in a single forward pass 

through the neural network, resulting in very high image processing speed . YOLOv5 is 

implemented as a single stage detection system that directly predicts, from the i nput im-

age: 

¶ the coordinates of bounding boxes, 

¶ the object class, and 

¶ a confidence score. 

The system implementation was realized in real time within a web -based interface 

using the Flask framework, with the confidence threshold set to 0.85 in order to minimize 

false positive detections. 

 

Figure 4. Examples of object detection in real time using YOLOv5. 
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5. Discussion  

The implemented solution employs an ESP32-CAM microcontroller as the image ac-

quisition sensor, an ESP32 WROOM S3 for controlling the crane and spreader motors, and 

an NVIDIA Jetson Nano for performing the image recognition tasks. The selected infra-

structur e satisfies two fundamental requirements for the implementation of bridge crane 

control, namely real  time operation and cost effective deployment.  

Communication between the individual components of the infrastructure is realized 

via Wi -Fi 6 (IEEE 802.11ax), with a transmission speed of up to 1 Gbps. The use of the 

specified hardware platform provides a high degree of scalability and enables future ex-

tensions, such as container distance estimation and trajectory prediction.  

6. Conclusions 

This article presents a practical application of convolutional neural networks in the 

control process of a container crane model. The combination of object detection using 

YOLOv5 and classification based on ResNet-50 provides a robust solution suitable for  real 

industrial operating conditions. The output of the classification model is directly usable 

within the crane control algorithm. Once the presence of a container is confirmed, the sys-

tem can automatically adjust the position of the spreader along the X and Y axes and ini-

tiate the container grasping process. 

The project results confirm that deep learning represents a promising tool for the 

automation of logistics processes. In future system designs, it will be necessary to also 

address cybersecurity considerations, particularly with respect to the requirements  of the 

NIS2 Directive (EU) 2022/2555 and the Cyber Resilience Act (CRA), Regulation (EU) 

2024/2847 [6], which are specifically targeted at IoT devices. 
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Abstract: Thermal imaging, also known as infrared thermography, has become an essential diag-

nostic and analytical tool across engineering, environmental science, materials research, and bio-

medical fields. Its ability to non -invasively visualize temperature gradients  and thermal phenomena 

uniquely suited to studying dynamic physical processes that cannot be easily observed by conven-

tional instrumentation. This article examines the scientific underpinnings of thermal imaging, its 

expanding role in technical r esearch, and its emerging significance in education. Through selected 

case studies, we highlight how thermal imaging enhances problem -solving, fosters experiential 

learning, and supports innovation in modern research environments.  

Keywords: thermal imaging; education; infrared camera.  

 

1. Introduction  

As technological developments continue to accelerate, modern education particu-

larly within technical and engineering disciplines faces increasing pressure to adopt inno-

vative teaching methods that connect theoretical foundations with practical skills. While 

traditional didactic instruction remains essential, it often lacks the capacity to fully de-

velop the hands-on competencies and diagnostic reasoning demanded in contemporary 

industrial environments. In response, educators are integrating advanced diagnostic tech-

nologies into the learning process, with thermographic infrared (IR) imaging emerging as 

one of the most promising tools  [1]. Thermography,  or thermal imaging, is a non -contact 

technique used to visualize temperature distributions on surfaces by detecting the infra-

red radiation emitted by objects. Any object above absolute zero emits IR radiation, which 

can be captured and converted into a visual representation through a thermographic cam-

era [2]. These thermal images, or thermograms, reveal temperature anomalies, heat trans-

fer patterns, and energy losses, making thermography invaluable across mechanical engi-

neering, electrical diagnostics, materials science, and building inspection. The fundamen-

ÛÈÓɯ×ÙÐÕÊÐ×ÓÌɯÜÕËÌÙÓàÐÕÎɯÛÏÌÙÔÖÎÙÈ×ÏàɯÐÚɯÙÖÖÛÌËɯÐÕɯ/ÓÈÕÊÒɀÚɯÓÈÞɯÖÍɯÉÓÈÊÒÉÖËàɯÙÈËÐÈÛÐÖÕȮɯ

which describes how objects emit electromagnetic radiation as a function of their temper-

ature. Thermographic cameras contain highly sensitive detectors capable of identifying 

minute temperature variations with considerable precision. Unlike conventional temper-

ature measurement instruments, thermal imaging provides a spatially resolved tempera-

ture map, enabling real-tim e observation of dynamic processes without direct contact or 

disruption.  The integration of thermographic sensors into unmanned aerial vehicles 

(UAVs) has further transformed data acquisition in scientific and technical applications. 

Numerous studies demonstrate the growing significance of thermal UAVs as scalable, in-

telligent platforms for environmental monitoring, resource management, and technical 
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diagnostics [2]. With continuing advancements in sensor resolution, AI -enhanced analyt-

ics, and autonomous flight control, thermal drones are becoming indispensable tools in 

multidisciplinary research and applied science [3].  

Within educational contexts, thermography introduces a valuable shift toward expe-

riential and inquiry -based learning. By making invisible thermal phenomena visible, stu-

dents gain deeper understanding of concepts such as heat transfer, thermal conductivity, 

frictional heating, and energy efficiency. Moreover, thermographic experiments promote 

interdisciplinary thinking by connecting principles from physics, engineering,  environ-

mental science, and digital technologies. This paper examines the educational potential of 

thermographic imaging in technical instruction, emphasizing its capacity to enhance stu-

dent engagement, strengthen diagnostic reasoning, and better prepare learners for real-

world engineering challenges [4].  

2. Educational Applications  

Thermal imaging has become a powerful tool in technical education, particularly in 

mechanical engineering, because it allows abstract concepts of heat transfer to be visual-

ized in a clear and engaging way. For example, when students study conduction, convec-

tion, and radiation, thermal cameras provide real -time images of temperature distribu-

tion, making these processes visible rather than purely theoretical. This direct visualiza-

tion helps learners grasp the dynamics of energy transfer more intuitively and s upports 

deeper understanding of fundamental principles.  In laboratory settings, thermal imaging 

serves as an effective teaching aid. It enables students to analyze the thermal behavior of 

different materials, evaluate insulation efficiency, and assess the performance of mechan-

ical systems under varying conditio ns. By comparing conventional and environmentally 

friendly materials, students can directly observe differences in thermal conductivity or 

heat retention, which reinforces both theoretical knowledge a nd practical skills  [5]. 

Another important aspect is interactive learning. Thermal cameras allow students to 

actively participate in experiments by observing how temperature changes across surfaces 

or components. This hands-on experience increases engagement, stimulates curiosity, and 

encourages critical thinking. Instead of relying solely on numerical data, learners can in-

terpret visual patterns and connect them with engineering concepts, which enhances com-

prehension and retention. Thermal imaging plays a crucial role in safety tr aining. In tech-

nical education, students often work with machines, electrical systems, or experimental 

setups where overheating can pose risks [5]. By using thermal cameras, instructors can 

demonstrate how to identify hot spots, faulty connections, or components under stress. 

This not only improves safety awareness but also prepares students for real-world engi-

neering practice, where preventive diag nostics are essential. We can assume these benefits 

into next points:  

 

 Ɉɯɯ5ÐÚÜÈÓÐáÈÛÐÖÕɯÖÍɯÏÌÈÛɯÛÙÈÕÚÍÌÙȯɯ4ÚÐÕÎɯÛÏÌÙÔÈÓɯÊÈÔÌÙÈÚɯÛÖɯËÌÔÖÕÚÛÙÈÛÌɯÊÖÕËÜÊÛÐÖÕȮ 

     convection, and radiation in real time ; 

 

 Ɉ Laboratory teaching tool: Enhances understanding of material properties, insulation    

efficiency, and mechanical system performance; 

 

Ɉɯɯɯ(ÕÛÌÙÈÊÛÐÝÌɯÓÌÈÙÕÐÕÎȯɯ2ÛÜËÌÕÛÚɯÊÈÕɯËÐÙÌÊÛÓàɯÖÉÚÌÙÝÌɯÛÌÔ×ÌÙÈÛÜÙÌɯËÐÚÛÙÐÉÜÛÐÖÕɯÐÕɯ 

    experiments, improving engagement and comprehension ; 

 

 Ɉɯɯ2ÈÍÌÛàɯÛÙÈÐÕÐÕÎȯɯ(ËÌÕÛÐÍàÐÕÎɯÖÝÌÙÏÌÈÛÐÕÎɯÊÖÔ×ÖÕÌÕÛÚɯÐÕɯÔÈÊÏÐÕÌÚɯÖÙɯÌÓÌÊÛÙÐÊÈÓɯÚàÚÛÌÔÚɯ

during practical courses [5].  
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3. Research Applications  

Thermal imaging has proven to be an invaluable tool in research across mechanical 

engineering, particularly when investigating environmentally friendly materials. One of 

its most significant applications lies in material characterization. By analyzing ther mal 

conductivity, emissivity, and degradation patterns, researchers can better understand 

how eco-friendly composites behave under different thermal loads. This knowledge is es-

sential for designing sustainable materials that maintain mechanical performance  while 

reducing environmental impact.  Another important area is structural health monitoring. 

Thermal imaging enables the detection of defects, cracks, or delamination in mechanical 

structures by identifying irregular thermal signatures. Such non -invasive diagnostics are 

crucial for ensuring t he reliability and safety of components, especially when working 

with new bio -based or recycled materials whose long-term performance must be carefully 

validated.  Thermal imaging also plays a central role in energy eff iciency studies. It allows 

researchers to evaluate insulation properties, quantify heat losses in mechanical systems, 

and compare the performance of sustainable materials against conventional alternatives. 

This application is particularly relevant in the c ontext of climate change, as it supports the 

development of energy-efficient technologies and contributes to reducing carbon foot-

prints in industrial processes.  Finally, thermal imaging is widely used in non -destructive 

testing (NDT). Infrared thermography  provides a means of assessing mechanical compo-

nents without causing damage, making it ideal for testing prototypes, monitoring wear, 

and validating new material solutions. This approach not only saves resources but also 

accelerates the research cycle by enabling repeated testing under different conditions.  To-

gether, these applications highlight the versatility of thermal imaging as both a diagnostic 

and developmental tool. Its integration into mechanical engineering research supports the 

advancement of sustainable materials and technologies, bridging the gap between labor-

atory innovation and practical implementation. The main research areas are primarily fo-

cused on: 

¶ Material characterization: Studying thermal conductivity, emissivity, and degrada-

tion of eco-friendly composites ; 

¶ Structural health monitoring: Detecting defects, cracks, or delamination in mecha ni 

cal structures via thermal signatures ; 

¶ Energy efficiency studies: Evaluating insulation, heat losses in mechanical systems, 

and performance of sustainable materials; 

¶ Non-destructive testing (NDT): Applying infrared thermography to assess mechani-

cal components without damaging them  [5]. 

Thermal imaging also plays a central role in energy efficiency studies. Building a nd 

mechanical system audits frequently employ infrared cameras to identify heat losses, 

evaluate insulation performance, and optimize energy consumption. Several works have 

integrated thermal imaging with UAV platforms and advanced image processing, ena-

bling large-scale diagnostics of industrial and residential infrastructure  [2,3,4,5]. Such ap-

plications highlight the contribution of thermography to sustainability goals by red ucing 

carbon footprints and improving energy management.  The integration of thermal imag-

ing into mechanical engineering supports the transition toward sustainable technologies. 

It bridges the gap between material science, smart innovations, and industrial practice, 

making it a versatile tool for both academic and applied engineering contexts oriented to:  

¶ Eco-friendly materials: Comparing thermal behavior of biodegradable polymers vs.   

conventional composites; 

¶ Smart materials: Using thermal imaging to study self -healing or adaptive materials ; 

¶ Industrial applications: Monitoring machinery, engines, and manufacturing pr o-    

cesses for sustainability and efficiency. 
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4. Methodological Considerations  

Methodological Considerations in thermal Imaging consists from these steps:  

4.1. Calibration and accuracy 

Proper calibration is essential to ensure reliable measurements. Thermal cameras 

must be adjusted to account for reference temperatures and emissivity values of the ob-

served materials. Without calibration, recorded data may be misleading, especially when 

comparing different materials or conducting long -term monitoring. Accuracy also de-

pends on sensor quality, lens characteristics, and the stability of environmental conditions 

during measurement.   

4.2. Data processing and image analysis (software tools, false-color mapping) 

Raw thermal images often require post-processing to extract meaningful infor-

mation. Software tools enable false-color mapping, temperature profiling, and quantita-

tive analysis of heat distribution. Advanced image analysis can highlight subtle variations 

that are not visible to the naked eye, supporting both educational demonstrations and 

research applications. In mechanical engineering, such processing is crucial for evaluating 

insulation efficiency, detecting defects, or comparing eco-friendly materials wi th conven-

tional alter -natives. 

4.3. Limitations of thermal imaging 

Emissivity variations, environmental conditions, resolution constraints. Despite its 

advantages, thermal im-aging has inherent constraints. Emissivity variations between ma-

terials can affect accuracy, as surfaces with low emissivity may appear cooler than they 

are. Environmental conditions such as ambient temperature, humidity, or airflow can dis-

tort readings. Resolution limitations of thermal cameras may restrict the detection of fine 

details, particularly in micro -scale material studies. Researchers must therefore interpret 

results carefully and, when possible, combine thermal imaging with complementary  [6,7]. 

5. Practical experiment  

The test of this paper is indoors. The main contents of the test are indoor air temper-

ature, outdoor air temperature and the surface temperature of the envelope structure. The 

main equipment and instruments used are IR FLUKE infrared thermal imager. The te sting 

time is in the afternoon. During the testing period, the weather is cloudy and the temper-

ature varies obviously day and night. It belongs to the typical winter climate. During the 

test, the distance between the infrared thermal imager and the target is 1.5m, and the 

shooting line of sight is parallel to the surface normal of the target. In addition, the hot 

box method is used as the standard data to compare the effectiveness and superiority of 

this method.       Figure 1 is the flow chart of experiment. After choosing a reasonable 

environment, the test of this example is carried out. Firstly, the infrared thermal imager is 

used to take pictures and process images; secondly, the air tightness of the wall is checked; 

then, the thermal defect area is judged, and the reasonable detection area is selected after 

eliminating the thermal defect area. Finally, the data obtained are processed by using cor-

rection method is used to detect and correct, and after re-processing, the corrected data 

are obtained [7]. 
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Figure 1. Test flow chart. 

After capturing images with an infrared thermal imager, the recorded data must be 

processed to obtain meaningful results. Thermal images are typically displayed in pseudo 

color form, as shown in Figure 2.  

 

Figure 2. Thermographic Electrical Inspection . 

However, the practical information lies in the one -dimensional temperature values 

of individual pixels, while the three -dimensional  pseudo color representation is less suit-

able for precise extraction of temperature data. Once a suitable detection environment is 

selected, thermal images of the object are collected with the infrared imager. Through im-

age processing, can be evaluated and thermal defect areas identified. A reasonable detec-

tion area is then chosen, and the relevant temperature information is extracted.  

To minimize errors in calculating the heat transfer coefficient from raw infrared data, 

a temperature correction method is introduced. This approach adjusts the values obtained 

from thermal images using environmental radiation data measured by the hot box 

method. In this study, the hot box method yielded a heat transfer coefficient of U = 0.732, 

which was used to correct the infrared measurements [8]. 

The thermal transmittance U is calculated as: 

 
(1) 

Where: 

4ɯǻɯÛÏÌÙÔÈÓɯÛÙÈÕÚÔÐÛÛÈÕÊÌɯȹ6ɤȹÔƴɇ*ȺȺ 

Q = steady-state heat flow rate through the sample (W) 

                              ɯǻɯÚÜÙÍÈÊÌɯÈÙÌÈɯÖÍɯÛÏÌɯÚ×ÌÊÐÔÌÕɯȹÔƴȺ 

ͅ3ɯǻɯÛÌÔ×ÌÙÈÛÜÙÌɯËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÏÖÛɯÈÕËɯÊÖÓËɯÚÐËÌÚɯȹ*Ⱥ 

 

Ὗ=
ὗ

AẗɝT
                                (1) 
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The experiment also included quantitative comparisons of the results obtained using 

the infrared (IR) method and the hot box method, as shown in Table 1. 

Table 1. Comparison of heat transfer coefficient measurement results. 

Measurement  

method  

                   Heat transfer  

                   coefficient U   

                   Ȼ6ɇÔǇƴɇ*ǇƳȼ 

D ifference 

from hot box  

Relative  

deviation [%]  

                        Infrared  

                        Thermography  

                        (IR) 

   

                    0,756 
D

+ 0,024 

D

3,28 % 

 D d 

Hot box  

method 

                    0,732 
D

0 

D

0 % 
 d  

Explanation  

Ɉɯɯɯɯ3ÏÌɯ(1ɯÔÌÛÏÖËɯàÐÌÓËÌËɯÈɯ4-ÝÈÓÜÌɯÖÍɯƔȭƛƙƚɯ6ɇÔǇƴɇ*ǇƳȭ 

Ɉɯɯɯɯ3ÏÌɯÏÖÛɯÉÖßɯÔÌÛÏÖËɯȹÙÌÍÌÙÌÕÊÌɯÔÌÛÏÖËȺɯàÐÌÓËÌËɯÈɯ4-value of 0.732 6ɇÔǇƴɇ*ǇƳȭ 

Ɉɯɯɯɯ3ÏÌɯÈÉÚÖÓÜÛÌɯËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÔÌÛÏÖËÚɯÐÚɯƔȭƔƖƘɯ6ɇÔǇƴɇ*ǇƳȭ 

Ɉɯɯɯɯ3ÏÌɯÙÌÓÈÛÐÝÌɯËÌÝÐÈÛÐÖÕɯÐÚɯÈ××ÙÖßÐÔÈÛÌÓàɯƗȭƖƜǔȮɯÐÕËÐÊÈÛÐÕÎɯÎÖÖËɯÈÎÙÌÌÔÌÕÛɯÉÌÛÞÌÌÕɯ    

the two methods. 

The measurement results show that the heat transfer coefficients obtained by infrared   

thermography are very close to those obtained by the hot-box reference method. The rel-

ative deviation between the methods is approximately 3.28%, confirming that the infrared 

method can be a suitable tool for the rapid diagnosis of the thermal properties o f building 

structures [9].   

The proposed detection method is therefore considered feasible, and the corrected 

temperature values substantially reduce the measurement error compared to the use of 

unadjusted infrared data.  The thermal transmittance (U-value) was calculated according 

to ISO 8990 using the relation (1) [8,9,10,11].  

5.1. Analysis of the Results 

Based on the analysis of thermographic images, surface temperature values for the 

analyzed structure were obtained. Using this data and the temperature difference be-

tween the indoor and outdoor environments, the heat transfer coefficient was then calcu-

lated. A comparison of the results showed that the value obtained using the infrared 

method was very close to the value determined by the hot box reference method. Infrared 

ÛÏÌÙÔÖÎÙÈ×Ïàɯ×ÙÖÝÐËÌËɯÈɯÝÈÓÜÌɯÖÍɯÈ××ÙÖßÐÔÈÛÌÓàɯ4ɯǻɯƔȭƛƙƚɯ6ɇÔǇƴɇ*ǇƳȮɯÞÏÐÓÌɯÛÏÌɯÏÖÛɯÉÖßɯ

metÏÖËɯËÌÛÌÙÔÐÕÌËɯÈɯÝÈÓÜÌɯÖÍɯ4ɯǻɯƔȭƛƗƖɯ6ɇÔǇƴɇ*ǇƳȭɯ3ÏÌɯËÐfference between these values 

ÐÚɯÈ××ÙÖßÐÔÈÛÌÓàɯƔȭƔƖƘɯ6ɇÔǇƴɇ*ǇƳȮɯÞÏÐÊÏɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÈɯÙÌÓÈÛÐÝÌɯËÌÝÐÈÛÐÖÕɯÖÍɯÈ××ÙÖßÐɪ

mately 3.3%. Such a deviation is relatively small and indicates good agreement between 

the two methods. The results thus confirm that infrar ed thermography can be an effective 

tool for the rapid diagnosis of the thermal properties of building structures.  The main 

advantages of the infrared method are its non-invasive nature, the speed of measurement, 

and the ability to identify thermal defects  over a large area without the need for physical 

intervention in the structure. On the other hand, it is important to emphasize that the ac-

curacy of this method depends on several factors, particularly the correct setting of the 
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ÔÈÛÌÙÐÈÓɀÚɯÌÔÐÚÚÐÝÐÛàȮɯÊÓÐÔÈÛÐÊɯÊÖÕËÐÛÐÖÕÚȮɯÈÕËɯÛÏÌɯØÜÈÓÐÛàɯÖÍɯÛÏÌÙÔÖÎÙÈ×ÏÐÊɯËÈÛÈɯ×ÙÖɪ

cessing [10,11]. 

5.2. Measurement uncertainties and potential sources of error 

When measuring using infrared thermography, several sources of uncertainty may 

arise that can affect the accuracy of the results: 

ɡɯɯɯɯɯSurface emissivity: one of the most important factors is the correct setting of surface 

emissivity. Different materials have different abilities to emit infrared radiation, and an 

incorrect emissivity setting can lead to significant errors in determining surface tempera-

ture. 

ɡɯɯɯɯ Reflected infrared radiation : surfaces with higher reflectivity can reflect infrared ra-

diation from the surroundings, which can cause a distortion in the measured temperature. 

This effect is particularly pronounced on shiny or metallic surfaces.  

ɡ    Environmental influences : measurement accuracy can also be affected by ambient 

temperature, airflow, humidity, or solar radiation. These factors can influence the surface 

temperature of the measured object and thus the resulting calculation of the heat transfer 

coefficient. 

ɡ    Measurement geometry: the angle of view and the distance between the camera and 

the object can affect measurement accuracy. At larger angles, the measured values may be 

distorted; therefore, it is important to keep the camera as close as possible to the perpen-

dicular direction t ÖɯÛÏÌɯÖÉÑÌÊÛɀÚɯÚÜÙÍÈÊÌȭ 

ɡ    Thermal camera resolution: measurement accuracy also depends on the technical 

parameters of the camera used, such as thermal sensitivity (NETD) or the spatial resolution 

of the sensor. 

ɡ    Processing of thermographic data: errors can also occur during the processing of 

thermographic images, for example, when an inappropriate area is selected for analysis or 

when pseudo color thermograms are misinterpreted  [11].   

6. Discussion  

The future development of thermal imaging in technical education and mechanical 

engineering research is strongly connected with digitalization, artificial intelligence, and 

new modes of experimental work.  AI -assisted thermal image analysis for predictive re-

search and maintenance. In research, artificial intelligence offers new possibilities for pro-

cessing large datasets of thermal images. Machine learning algorithms can identify subtle 

temperature anomalies, classify defect patterns, and predict material degradation over 

time. This enables researchers to move beyond descriptive analysis toward predictive 

modeling, supporting both fundamental studies of eco -friendly materials and applied re-

search in mechanical systems. Integration with digital twins for experimental validation . 

Digital twins provide virtual replicas of mechanical systems that can incorporate real -time 

thermal data. In research, this integration allows scientists to simulate heat transfer, eval-

uate material performance, and test design modifications under contro lled conditions. 

Thermal imaging thus becomes a validation tool, linking experimental measurements 

with computational models. This approach enhances reproducibility, accelerates innova-

tion, and supp orts interdisciplinary collaboration in sustainable engineering.  Thermal im-

aging also supports the expansion of remote and blended learning. Virtual laboratories 

can provide students with access to recorded or live thermal imaging experiments, ena-

bling them to analyze heat distribution, insulation performance, or materi al degradation 
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from a distance. These platforms make technical education more inclusive, allowing in-

ternational collaboration and ensuring that students without access to specialized equip-

ment can still gain practical experience. IR thermography can also be embedded into re-

mote experimental platforms, enabling researchers to share datasets, conduct joint exper-

iments, and analyse results across borders. Virtual laboratories with thermal imaging 

demonstrations allow international tea ms to collaborate without physical presen ce, mak-

ing research more inclusive and resource-efficient. This is particularly relevant for projects 

focused on sustainability, where global cooperation is essential. 

7. Conclusions  

Thermal imaging has become a transformative instrument in technical research, en-

abling detailed examination of thermal processes across engineering, environmental sci-

ence, renewable energy, and biomedical disciplines. Its capacity to deliver real-time, 

non-contact thermal information supports technological innovation and enhances diag-

nostic accuracy. As its integration into research laboratories and educational environ-

ments continues to expand, thermal imaging is expected to assume an increasingly central 

role in advancing scientific inquiry and technological development.  

The future of thermal imaging in technical education and research is closely con-

nected to ongoing digitalization and the advancement of intelligent data -processing meth-

ods. A particularly promising direction is AI -assisted thermal image analysis for predic-

tive maintenance. By applying machine -learning algorithms to extensive datasets of ther-

mal images, it becomes possible to automatically identify anomalies, forecast component 

failures, and optimize maintenance strategies. This approach contributes to reduced op-

erational downtime, improved safety, and more sustainable functioning of mechanical 

systems. 

Another significant development is the integration of thermal imaging with digital 

twins. Digital twins ɭvirtual representations of physical systemsɭcan incorporate 

real-time thermal data to simulate heat transfer, material behaviour, and overall system 

performance. These models enable researchers to test various scenarios, visualize thermal 

effects, and assess design modifications without the need for physical prototypes. Such 

integration strengthens experiential research and effectively bridges the gap between the-

oretical knowledge and practical application.  

Finally, thermal imaging creates new opportunities for remote experimentation 

through virtual laboratories. Online platforms allow users to access thermal imaging 

demonstrations, analyze recorded experiments, and review thermal data from a distance. 

These virtual environments enhance the inclusivity of technical education, support inter-

national collaboration, and provide learners with opportunities to develop practical com-

petencies beyond traditional laboratory settings.  
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Abstract: This study investigates the relationship between the chemical composition and mechani-

cal properties of G24Mn6 cast steel. Analysis of 13 experimental melts focused on the effects of ex-

treme elemental variations, particularly carbon (C) and manganese (Mn), on notch toughness (KV) 

at -ƘƔȘ"ȭɯ1ÌÚÜÓÛÚɯÐÕËÐÊÈÛÌËɯÕÖɯÚÐÎÕÐÍÐÊÈÕÛɯÊÖÙÙÌÓÈÛÐÖÕɯÉÌÛÞÌÌÕɯ"ɯÖÙɯ,ÕɯÊÏÈÕÎÐÕÎɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÈÕËɯ

toughness within the narrow range tested. However, substantial variability in KV was observed (up 

to 29 J within a single melt), which was attributed to material inhomogeneity and non -metallic in-

ÊÓÜÚÐÖÕÚɯÈÝÌÙÈÎÐÕÎɯƖƙɯϟÔȭɯ ɯƗƛƚɯϟÔɯÔÐÊÙÖÊÙÈÊÒɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÐÕÊÓÜÚÐÖÕÚɯÞÈÚɯÐËÌÕÛÐÍÐÌËȮɯÚÐÎÕÐÍÐɪ

cantly reducing KV values to 27 J at -ƘƔȘ"ȭɯ3ÏÌɯÍÐÕËÐÕÎÚɯÊÖÕÍÐÙÔɯÛÏÈÛɯÞÏÐÓÌɯÏÌÈÛɯÛÙÌÈÛÔÌnt deter-

mines baseline properties, localized discontinuities and inclusion are the primary cause of mechan-

ical deviations 

Keywords: Steel microstructure; microcracks; inclusions in metal; mechanical properties, casting 

 

1. Introduction  

The requirements for the quality mechanical parameters of G24Mn6 steel castings 

impose significant limitations on their industrial application, primarily due to their spe-

cific chemical composition and mechanical properties. This steel grade is commonly used 

in machinery, railroad, automotive industries, and transportation applications and it is 

essential that the material exhibits both good machinability and weldability [1].  

The mechanical properties of hardened steels are highly dependent on the type and 

amount of basic and alloying elements. Proper optimization of elements such as C, Cu, 

Ni, Mo, Cr, Mn, Al, Ti and V, combined with appropriate processing, allows the design of  

steels with excellent strength, toughness and ductility [ 2-7].However, excessive or poorly 

balanced alloying can lead to adverse effects, which highlights the importance of precise 

control of composition and processing. Despite significant research on the influence of 

chemical elements on the mechanical properties of steel, gaps remain in the understand-

ing of the combined effects of multiple alloying elements and the optimization  of heat 

treatment processes for these steels [7-10].  

The main specification of chemical element at additives is change the mechanical and 

technological properties of steel materials in both positive and negative ways. Cast steel 

G24Mn6 is specific in that, out of the entire group of steels described in the EN 10293 

standard [11], it is one of 30 types of steel that must meet the requirements for a notched 

toughness of at least 27 Joules at -ƖƔȘ"ȮɯÈɯÛÌÕÚÐÓÌɯÚÛÙÌÕÎÛÏɯÖÍɯÈÛɯÓÌÈÚÛɯƛƔƔɯ,/ÈȮɯÈÕËɯÈÛɯÛÏÌɯ

same time has a limited range for carbon to 0.05% and for manganese only 0.3%. The bal-

ance and interaction of chemical elements, together with processing parameters such as 

heat treatment  are essential for optimizing the performance of high -strength steels[12].  

Based on the analyses, it was shown that, increasing the Cu and Ni content can signifi-

cantly increase the yield strength and tensile strength while maintaining acceptable 
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toughness. Molybdenum and niobium additions are known to refine martensitic micro-

structures, improve tempering resistance, and increase both strength and toughness. 

However, excessive or poorly balanced alloying can lead to reduced ductility, increased 

bri ttleness, or other adverse effects. [13-15]. While analyzing a dataset of 134 melts, signif-

icant local extremes in mechanical property behavior were found even when chemical 

elements did not change. [16] This led to a detailed investigation of the emergence of such 

anomalies. 

The presence of microcracks, metallic and non-metallic inclusions in steels of the 

G24Mn6 type and similar high -manganese steels leads to a deterioration in the mechanical 

properties of castings. Microcracks are mainly caused by segregation of elements, rapid 

cooling, stress concentrations and the presence of inclusions, which act as initiation points 

for crack propagation. Inclusions, especially oxides, sulfides and complex compounds 

(e.g. MnS, Al2O3, CaO), reduce the toughness, fatigue life and fracture toughness of steel. 

Larger and more numerous inclusions have a more significant negative effect on strength 

and fracture toughness [17, 18]. 

The paper presents the results of research aimed at determining the presence of me-

tallic and non -metallic inclusions in G24Mn6 steel, which cause the occurrence of mi-

crocracks and thus negatively affect the results of mechanical properties. 

2. Materials and Methods  

The research was based on data collected over 20 months of casting production, fol-

lowed by 13 experimental melts with specific chemical compositions . The investigated 

G24Mn6 steel was produced in induction furnaces with a maximum capacit y of 2 ton. 

Castings were formed using sandɬbentonite molds and poured with a manually operated 

ladle with a standard bottom outlet. Following casting, the components were knocked out 

from the molds, the gating and feeding systems were removed, and the castings were 

normaliz ed, sandblasted, visually inspected, and repaired by welding as required. Subse-

quently,  heat treatmentɭconsisting of quenching in a continuous hardening line with 

polymer cooling followed by tempering in a continuous gas furnace with electronic tem-

perature control. Subsequently, chemical analyses of individual melts were performed, as 

well as their mechanical properties. Using correlation analyses, the most optimal chemical 

ratio of individual elements was determined for a balanced achievement of the mechan ical 

properties of this type of steel.   

In the previous findings [ 16] on a test sample of 134 melts, the basic effects of chemi-

cal elements that most affect the tensile strength, elasticity and notch toughness of steel 

were determined using advanced statistical methods. Elements such as copper, carbon, 

chromium, nickel and  molybdenum had the most significant effect on mechanical values. 

Elements such as manganese, silicon, phosphorus, sulfur and aluminum had a low or neg-

ligible effect. It should be noted that the research was carried out only on steel grade 

G24Mn6 for norm EN 10293:2005, which means that the limits of the composition of indi-

vidual elements of this steel are precisely determined. 

Based on the results, the most optimal chemical composition of individual basic and 

alloying elements in steel was determined, resulting in the most accurate achievement of 

optimal mechanical values, as shown in Table 1. For an optimal balance between strength 

and toughness, we optimizing  chemical elements with goal minimize the contents of chro-

mium (Cr) and copper (Cu), maintain molybdenum (Mo) below 0.02 wt %, set carbon (C) 

around 0.23 wt %, and keep manganese (Mn) near the lower end of its range (approxi-

mately 1.5 wt %). A slight increase in nickel (Ni) content (by about 0.15 wt %) is advisable 

to compensate for the reduction in low -temperature toughness. Within the prescribed 

compositional limits of this steel grade, adjustments to the alloying elements Cr, Cu, and 

C al-low fine -tuning of the final mechanical response. Increasing the concentrations of 

these elements results in higher yield strength (Re) and tensile strength (Rm), but simul-

taneously leads to a reduction in impact toughness (KV ÈÛɯǸƖƔɯȘ"Ⱥȭ  
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The mechanical properties of G24Mn6 steel are primarily determined by the effi-

ciency of its heat treatment and quenching. Therefore, normalizing and quenching were 

carried out in a continuous quenching line with polymer cooling, followed by tempering 

in a continuous gas furnace with electronic temperature control. The normalizing and 

quenching furnaces are verified in accordance with DIN 17052-1 [19], ensuring tempera-

ture uniformity for all investigated melts.  

In this investigation, 13 individual batches with specific chemical property were sub-

jected to a notch toughness test at a lower temperature of -ƖƔȘ"ɯÈÕËɯ-ƘƔȘ"ȭɯ3ÏÌɯÛÌÕÚÐÓÌɯÛÌÚÛɯ

was conducted in accordance with EN ISO 6892-1 [20], while the Charpy impact t est for 

evaluating impact toughness was carried out following EN ISO 148 -1:2016 [21]. The dif-

ference between the notch toughness results in the two temperature ranges was analyzed, 

as well as the influence of the main elements (carbon and manganese) on the tensile test 

results. Subsequently, a metallographic analysis was performed to determine the grain 

size, the proportion of individual phases, as well as the presence of non-metallic impuri-

ties. The type of metallographic phase, the proportion of these phases, the presence of 

inclusions in the metal and the grain size were evaluated according to ASTM 112-24 [22]. 

The samples were prepared by gradual polishing and subsequent etching with Nital etch-

ant. 

3. Results 

This section may be divided by subheadings. It should provide a concise and precise 

description of the experimental results, their interpretation, as well as the experimental 

conclusions that can be drawn. 

3.1. Chemical analyses 

Samples for chemical analysis were evaluated using the optical emission spectrome-

try (OES) method, performed on specimens taken from a single representative casting. 

The measurements were carried out with a SPECTRO Analytical Instruments GmbH 

(Kleve, DE) spectrometer. The chemical composition of individual heats is summarized in 

Table 1. The ranges of the analyzed individual chemical elements in G24Mn6 steel with 

highlighted local extrema, main range and average are shown in the graph in Figure 1. 

Table 1. The main statistical parameters for selected chemical elements. 

 Parameter C [wt. %] Mn [wt. %] Si [wt. %] Ni [wt. %] Mo [wt. %] 

Limits according to norm EN 10293:2005 
 Maximal  0.27 1.5 0.6 0.4  0.12 

Minimal  0.2 1.8 0.0 0.0 0.0 

Results from 

special dataset 

average 0.19 1.77 0.43 0.12 0.01 

median 0.18 1.76 0.42 0.12 0.01 

minimal  0.15 1.45 0.39 0.10 0.01 

maximal  0.29 2.00 0.47 0.15 0.02 

The observed samples of individual melts were selected so that the carbon content 

was just outside (0.19 and 0.29) the prescribed limits of 0.2-0.27 wt.%, which is also visible 

in the average value and median from the analyzed data. The manganese content in these 

melts was also shifted beyond (1.45 and 2.00) the required limits of 1.5 to 1.8 wt.%. The 

other evaluated elements were within the prescribed limits.  
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Figure 1. Analyzed individual chemical elements in G24Mn6 steel . 

3.2. Tests of selected mechanical properties 

At the same time, specimens for mechanical testing were extracted from the same 

casting. The impact toughness results meet the required limit for G24Mn6 steel in the 

+QT1 condition, defined as KV ȹǸƖƔɯÈÕËɯ-ƘƔȘ"Ⱥɯȁ 27 Joules. Mechanical test results for all 

analyzed batches are presented in Table 2. 

Table 2. The main statistical parameters for mechanical properties. 

 Tensile test  
Charpy impact 

test -ƖƔȘ" 

Charpy im-

pact test -ƘƔȘ" 

D ifference      

-ƖƔȘ"ɯÈÕËɯ-ƘƔȘ"ɯ

KV [J] parameter Re [MPa] Rm [MPa]  A [ %] KV [J] KV [J] 

Limit 1 Min. 550 700-800 Min. 12  Min. 27 - - 

average 555 714 16.15 52 36,8 15.7 

median 561 716 17.00 53 36,5 16.5 

minimal  518 689 13.00 31 22 9 

maximal  591 740 18.00 74 48 26 

standard deviation  23.7 18.6 1.65 10.3 5.8 4.5 

Max. variation in 

one melt 
- - - 29 18 37 

1 Limit for mechanical properties according of EN 10293:2005. 

From the obtained data for individual melts, a statistical analysis was created, shown 

in Table 2. From the available data, it can be concluded that the variability of the results 

in the tensile test is within the expected range and the influence of individual elements, 

mainly carbon (C) and manganese (Mn), is as expected. By achieving the prescribed com-

position of the steel, the mechanical values of the tensile tests are also achieved. Any de-

viation, mainly in the elements carbon and manganese, causes local extremes in the tensile 

tests, especially at the yield point (Re). 

In the results of the Charpy notched toughness, in the case of the observed steel 

G24Mn6, there is a significant difference in the values between the individual samples. 
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The average KV value at -ƖƔɯȘ"ɯÐÚɯƙƖɯ)oules and the standard deviation is 10.4 Joules. The 

maximum difference in one melt is up to 29 Joules. 

The average KV value at -ƘƔɯȘ"ɯÐÚɯƗƚȭƜɯ)oules and the standard deviation is only 5.8 

Joules. The maximum difference at -ƘƔȘ"ɯÐÕɯÖÕÌɯÔÌÓÛɯÐÚɯƕƜɯ)ÖÜÓÌÚȭɯ(ÕɯÛÏÌɯÊÈÚÌɯÖÍɯÛÏÌɯËÐÍÍÌÙɪ

ence between the minimum and maximum value at both temperature ranges, it is up to 

37 Joules. At the same time, anomalies are observed, when for the same melt (A23), the 

dispersion is 2 Joules at -ƖƔȘ"ɯÈÕËɯÜ×ɯÛÖɯƕƜɯ)ÖÜÓÌÚɯÈÛɯ-ƘƔȘ"ȭ 

At the same time, it can be stated that those melts that have the smallest dispersion 

in the notched toughness KV have their tensile test results comply with the prescribed 

values in all examined parameters (Re, Rm, A). 

3.3. Metallographic analysis 

Samples from all 13 batches were subjected to metallographic analysis. A summary 

of the results of metallographic analysis is given in Table 3. Figure 2 shows the most com-

mon impurities found on the prepared samples.  

Table 3. The metallographic results. 

phase proportion  Grain size  
Inclusions  

dimension  proportion  

Bainite/martensite, 

tempered martensite 
100% G10-G12 5-ƜƙɯϟÔ 0,5-1,5% 

The microstructure consists predominantly of fine tempered martensite or bainite, 

characterized by a dark-etching, acicular or lath-like morphology typical for quenched 

and tempered steel. The fine features suggest a fully transformation and subsequently 

tempered structure.  

The microstructure exhibits a very fine -grained tempered structure. Precise prior-austen-

ite grain size determination is challenging from this structures. However, based on the 

ÖÝÌÙÈÓÓɯÍÐÕÌÕÌÚÚɯÖÍɯÛÏÌɯÛÙÈÕÚÍÖÙÔÌËɯÊÖÕÚÛÐÛÜÌÕÛÚɯÈÕËɯÊÖÔ×ÈÙÐÚÖÕɯÞÐÛÏɯÛÏÌɯƙƔɯϟÔɯɯscale 

bar, the effective grain size is estimated to be approximately ASTM G10-12. This indicates 

an average effective grain diameter in the range of 6-11 ϟÔȭ 

  

(a) (b) 

Figure 2. (a) Microstructure of steel sample A26 with non -metallic inclusions . (b) Microstructure of steel sample A24 with 

non-metallic inclusions and oxides with metallic luster . 

The attached photographs show typical metallographic structures of the investigated 

steel G24Mn6. Since the samples for this analysis were made directly from castings, the 

photographs show the typical presence of non-metallic inclusions in the steel. The size of 

ÛÏÌɯÐÕÊÓÜÚÐÖÕÚɯÐÕɯÛÏÌɯÚÛÌÌÓɯÐÚɯÖÕɯÈÝÌÙÈÎÌɯƖƙɯϟÔȭɯ2ÖÔÌɯÐÕÊÓÜÚÐÖÕÚɯÏÈÝÌɯÏÐÕÛÚɯÖÍɯÔÌÛÈÓÓÐÊɯÖÙɯ
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colored reflections, which may indicate their complex nature with a predominance of sil-

icates and oxide inclusions. The proportion of these inclusions in the steel is in the ratio of 

0.5-1.5%. 

On one of the samples, a microcrack was identified during metallographic analysis, 

as shown in Figure 3. The microcrack in the image is visible as a distinct, irregular crack, 

extending to three different sides and having a longest measured length of 376 ϟÔ. This 

microcrack is associated with several dark inclusions along its path. In addition, smaller, 

scattered dark spots, probably non-metallic inclusions or tiny pores, are also present in 

the photo. 

 

Figure 3. Microstructure of steel sample A29 with non -metallic inclusions and microcracks . 

4. Discussion 

The investigation of 13 batches from G24Mn6 steel melts involved subjecting samples 

to extreme compositions exceeding prescribed limits for key elements Carbon (C) and 

Manganese (Mn). The primary objective was to determine the influence of these compo-

sitional variations on the mechanical properties, specifically Charpy V -notch toughness 

(KV) at a reduced temperature -ƘƔȘ"ȭ 

Across the observed sample set, the results did not establish a significant correlation 

between variations in the percentage of Carbon or Manganese and the evaluated mechan-

ical properties. This finding is likely attributable to the relatively narrow range of compo-

sitional variation present within the studied melts. Similarly, no change in the observed 

martensitic grain size was confirmed following changes in the carbon percentage. 

Regarding alloying elements, nickel (Ni) was the only element that was found to have 

a slightly positive effect on the yield strength (Re). Due to its low content in G24Mn6 steels, 

nickel contributed minimally to the increase in both toughness and strength  values, with 

more significant benefits generally expected at higher concentration levels. No experi-

ments were performed with other alloying chemical elements (Cr, Mo, V, Cu,...) with ex-

treme values within the limits of G24Mn6 steel, and therefore their effect on mechanical 

values was not evaluated. 

Microstructural analysis, performed using the comparative method outlined in 

ASTM E112 , revealed an extremely fine microstructure across all samples, characterized 

by indistinguishable original austenitic grain boundaries. Grains consistently adhered to 

an estimated size of G11 according to the ASTM standard, with numerous structures fall-

ing within the G10 -G12 range, confirming a highly refined grain structure. The predomi-

nant phase of the microstructure in all samples is tempered martensite or bainite, formed 

mainly by fine needles, which is typical for tempered hardened steel.  

A significant degree of inter -melt variability was observed when comparing the av-

erage Charpy notch toughness values between the test temperatures of -ƖƔȘ"ɯÈÕËɯ-ƘƔȘ"ȭɯ
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The minimum observed difference in average toughness KV between the two tempera-

tures was 9 Joules, while the maximum difference reached 26 Joules in two separate cases. 

It is necessary to emphasize, that 27 Joules also represents the minimum permissible value 

for the Charpy impact toughness test at -ƖƔȘ"ȭ 

Furthermore, substantial intra -melt variability was established, even at a single test-

ing temperature -ƖƔȘ"ȭɯ3ÏÌɯËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÏÐÎÏÌÚÛɯÈÕËɯÓÖÞÌÚÛɯÔÌÈÚÜÙÌËɯ*V val-

ues across the entire set was 48 Joules. In one specific melt A28 a 29 Joules difference in 

notch toughness was recorded between individual samples at -ƖƔȘ"ȮɯËÌÊÙÌÈÚÐÕÎɯÛÖɯƕƖɯ

Joules at -ƘƔȘ"ȭɯ2ÜÊÏɯÐÕÊÖÕÚÐÚÛÌÕÛɯÈÕËɯÞÐËÌÓàɯËÐÝÌÙÎÌÕÛɯÙÌÚÜÓÛÚɯÈÙÌɯ×ÙÐÔÈÙÐÓà attributed to 

material inhomogeneity, or the presence of non-metallic inclusions, or micr ocracks in 

probe. 

The presence of non-metallic inclusions in proximity to or directly within the mi-

crocrack path facilitates crack growth and propagation. Correspondingly, sample A29, 

ÞÏÌÙÌɯÈɯÔÐÊÙÖÊÙÈÊÒɯÞÈÚɯÖÉÚÌÙÝÌËɯÞÐÛÏɯƗƛƚɯϟÔɯÓÌÕÎÛÏȮɯÌßÏÐÉÐÛÌËɯÖÕÌɯÖÍɯÛÏÌɯÓÖÞÌÚÛɯÔÌÈÚɪ

ured Charpy notch toughness values of 27 Joules at -ƘƔȘ"ȭɯ3ÏÌɯÈÝÌÙÈÎÌɯÛÖÜÎÏÕÌÚÚɯËÐÍÍÌÙɪ

ÌÕÊÌɯÉÌÛÞÌÌÕɯƖƔȘ"ɯÈÕËɯƘƔȘ"ɯÍÖÙɯÛÏÐÚɯÚ×ÌÊÐÍÐÊɯÚÈÔ×ÓÌɯÞÈÚɯƖƕɯ)ÖÜÓÌÚȭɯ(ÛɯÐÚɯÛÏÌɯÖÊÊÜÙÙÌÕÊÌɯÖÍɯ

such discontinuities in uniform samples that can affect inconsistent results of mechanical 

values, especially in the case of notch toughness tests at reduced temperature. 

5. Conclusions 

The mechanical properties of G24Mn6 steel are primarily determined by the effec-

tiveness of its heat treatment and hardening, as demonstrated by previous research stud-

ies. Within the prescribed compositional limits of this steel G24Mn6, adjustments to the 

alloying elements that Cr, Cu, and Ni allow fine -tuning of the final mechanical properties. 

A slight  increasing the concentrations of these elements results in higher yield strength 

(Re) and tensile strength (Rm), but at the same time, in the case of carbon, it can contribute 

to reduction in impact toughness (K V ÈÛɯǸƖƔɯȘ"Ⱥȭ 

Within the analyzed data set, several melts showed similar chemical compositions 

but different mechanical properties. At the same time, different chemical compositions at 

local extremes have very similar mechanical values. These variations in individual me-

chanical properties, especially in the Charpy impact toughness test, were confirmed to 

demonstrate the presence of non-ÔÌÛÈÓÓÐÊɯÐÕÊÓÜÚÐÖÕÚɯȹÌȭÎȭɯ2Ð.ƾȺɯÈÚɯÞÌÓÓɯÈÚɯÖÛÏÌÙɯÐÕÊÓÜÚÐÖÕÚɯ

with metallic luster (e.g. Fe2O3). These inclusions disrupting the microstruc tural hetero-

geneity also cause the formation of microcracks and these have a negative impact on the 

evaluation of mechanical properties of materials. Such effects need to be taken into ac-

count in future analyses and production management to ensure consistent mechanical 

performance of G24Mn6 steel components. 
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Finite Element Simulation of Tensile Test of Silicone Material  

,ÈÙÛÐÕÈɯ'ÈÕðÐÕÖÝâɯ1,*Ȯɯ$ÙÐÒÈɯ#ÜÉĚÈÕÚÒâɯ1Ȯɯ!ÈÙÉÈÙÈɯ2ÊÏĹÙÎÌÙɯ1Ȯɯ1ĞÉÌÙÛɯ'ÜĚÈËàɯ1 ÈÕËɯ,ÈÛàâįɯ,ÈÊÏÈÓÓÈɯ2 

1 Department of Applied Mechanics and Mechanical Engineering, Faculty of Mechanical Engineering, Tech-

ÕÐÊÈÓɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ*ÖįÐÊÌȮɯ+ÌÛÕâɯƝɤ!ȮɯƔƘƖɯƔƔɯ*ÖįÐÊÌȮɯ2ÓÖÝÈÒÐÈȰɯÔÈÙÛÐÕÈȭÏÈÕÊÐÕÖÝÈɑÛÜÒÌȭÚÒȰɯÌÙÐÒÈȭËÜÉÕÈÕɪ

ska@tuke.sk; barbara.schurger@tuke.sk; robert.hunady@tuke.sk 
2 #Ì×ÈÙÛÔÌÕÛɯÖÍɯ1ÖÉÖÛÐÊÚȮɯ%ÈÊÜÓÛàɯÖÍɯ,ÌÊÏÈÕÐÊÈÓɯ$ÕÎÐÕÌÌÙÐÕÎȮɯ5§!ɯ- Technical University of Ostrava, 17. 

listopadu 2172/15, 708 00 Ostrava-Poruba, Czech Republic; matyas.machalla@vsb.cz 

* Correspondence: martina.hancinova@tuke.sk 

Abstract: Silicone elastomers are widely used in engineering and biomedical applications due to 

their high deformability, near -incompressibility, and stable mechanical response under large 

strains. Accurate numerical representation of their mechanical behaviour is t herefore essential for 

reliable finite element simulations. This study presents a combined experimentalɬnumerical inves-

tigation of a silicone elastomer subjected to uniaxial tensile loading. Tensile tests were performed at 

a loading rate of 50 mm/min, and the experimental stressɬstrain data were post-processed to isolate 

the quasi-linear deformation regime prior to material failure. The resulting averaged stress ɬstrain 

response was used to identify effective elastic properties. A three-dimensional  finite element model 

of the tensile test was developed in Abaqus using a compressible Neo-Hookean, Ogden and Arruda -

Boyce hyperelastic formulations. The numerical response obtained under displacement-controlled 

loading was compared with the experimental d ata. The results demonstrate that, despite the inher-

ently nonlinear nature of elastomers, the selected hyperelastic models are capable of reproducing 

the quasi-linear tensile response of the investigated silicone material over the considered strain 

range. The proposed modelling strategy provides a simple and robust framework suitable for rapid 

material calibration and preliminary numerical analyses.  

Keywords: silicone elastomer; uniaxial tensile test; hyperelasticity; finite element method; Abaqus  

 

1. Introduction  

Silicone elastomers represent an important class of polymeric materials characterized 

by high elasticity, large allowable deformations, and near -incompressible behaviour, of-

ÛÌÕɯÌß×ÙÌÚÚÌËɯÉàɯÈɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖɯÊÓÖÚÌɯÛÖɯƔȭƙɯȻƕ-3]. These properties make them attractive 

for applications ranging from soft robotics and flexible electronics [4] to medical and phar-

maceutical supplies [5]. In many of these applications, components are subjected to large 

mechanical strains, which necessitates reliable experimental characterization and appro-

priate constitutive modelling, often initiated through uniaxial tensile testing.  

From a mechanical standpoint, elastomers exhibit a nonlinear stressɬstrain response, 

particularly at large deformations, which is commonly described using hyperelastic con-

stitutive models [6ɬ9]. Classical formulations such as the Neo-Hookean, MooneyɬRivlin , 

and Ogden models are widely reported in the literature for representing the mechanical 

behaviour of rubber -like materials [6,7,9]. It is generally recognized that the applicability 

of a given hyperelastic model depends on the deformation mode and the str ain range 

considered, as demonstrated in several comparative studies focusing on rubber-like ma-

terials under mechanical loading [6ɬ9]. For moderate strain regimes and when the objec-

tive is an initial description of the global tensile response, simplified h yperelastic models 

are commonly adopted as a first approximation, offering advantages in terms of straight-

forward parameter identification [8 ɬ10]. 
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In finite element simulations, the behaviour of hyperelastic materials is commonly 

described using strain energy density functions implemented in commercial software 

such as Abaqus. The strain energy density functions together with material constants for 

models selected for this work are shown in Table 1. 

Table 1. Strain energy density functions and material parameters of selected hyperelastic models. 

Model  Strain Energy Density Function  Material Constants  

Neo-Hooke ( )110 3W C I= -
 10C  

Ogden ( )1 2 3
2

1

2
3

i i i
N

i

i i

W
a a am
l l l

a=
= + + -ä

 
im, ia  

Arruda -Boyce ( )
5

1
2 2

1

3
i

ii

i
i m

C
W Im

l-
=

= -ä
 

m, ml  

Where 1I - first invariant of the deviatoric strain, 1/3
i iJl l-= , il are the principal 

stretches and J is the volume ratio. For the Arruda -Boyce model (also known as the 

eight-chain model) are 1 1/ 2C = , 2 1/ 20C = , 3 11/1050C = , 4 19 / 7050C = and 

5 519 / 673750C =  [10]. 

In practical testing of silicone elastomers, uniaxial tensile tests are commonly used to 

characterize the hyperelastic response of the material. The present study investigates the 

numerical reproduction of uniaxial tensile behaviour of a silicone elastomer based on ex-

perimentally obtained stressɬstrain data. 

2. Materials and Methods  

2.1. Experimental Tensile Testing 

3ÏÌɯÎÌÖÔÌÛÙàɯÖÍɯÛÏÌɯÛÌÕÚÐÓÌɯÛÌÚÛɯÚ×ÌÊÐÔÌÕɯÞÈÚɯËÌÍÐÕÌËɯÐÕɯÈÊÊÖÙËÈÕÊÌɯÞÐÛÏɯH2-ɯ(2.ɯ

37 (62 1436) [11], which specifies the determination of tensile properties (Figure 1a). The 

manufactured silicone elastomer specimens used in the experiments are shown in Figure 

1b. 

  

(a) (b) 

Figure 1. 3ÌÕÚÐÓÌɯÛÌÚÛɯÚ×ÌÊÐÔÌÕɯÎÌÖÔÌÛÙàɯËÌÍÐÕÌËɯÈÊÊÖÙËÐÕÎɯÛÖɯH2-ɯ(2.ɯƗƛɯȹƚƖɯƕƘƗƚȺȯɯȹa) schematic 

representation with nominal dimensions, ( b) manufactured silicone elastomer specimens used in the 

experimental tests. 

Uniaxial tensile tests were performed on silicone elastomer specimens using a com-

puterized electronic universal testing machine (Kason WDW -5). The specimens were 

loaded under displacement control at a crosshead velocity of 50 mm/min, and the tests 

were carried out at room temperature.  

Axial displacement was measured using a video extensometer system (Figure 2 a), 

enabling non-contact strain measurement directly on the specimen surface. The measure-

ment principle is based on tracking the relative motion of two reference points marked on 

the specimen and aligned with the tensile axis, as illustrated in Figure 2 b. During each 
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test, a high-resolution grayscale video of the deforming specimen was recorded. The rec-

orded video data were subsequently processed and evaluated in the MATLAB environ-

ment using a digital image correlation (DIC) algorithm.  

Engineering stress and engineering strain were determined from the measured force 

and displacement using the initial cross-sectional area and gauge length of the specimens. 

The use of a contactless optical measurement technique allowed accurate strain evaluation 

without influencing the mechanical response of the highly deformable silicone material, 

particularly at larger strains.  

   

Figure 2. Measurement of specimen deformation using a video extensometer. 

2.2. Data Processing 

As shown in Figure 3, the experimental stressɬstrain curves were processed to re-

move the initial transient region associated with specimen seating and the final region 

corresponding to material failure. For the purposes of constitutive modelling, only the 

remaining stable quasi-linear portion of each stressɬstrain curve was retained for further 

analysis. 

 

Figure 3. Stressɬstrain curves obtained from uniaxial tensile tests at a loading rate of 50 mm/min.  
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The extracted quasi-linear segments were approximated using linear regression im-

plemented in MATLAB, and an averaged representative stressɬstrain response was sub-

ÚÌØÜÌÕÛÓàɯÊÖÕÚÛÙÜÊÛÌËȭɯ3ÏÌɯÌÍÍÌÊÛÐÝÌɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚȮɯËÌÛÌÙÔÐÕÌËɯËÐÙÌÊÛÓàɯÍÙÖÔɯÛÏÌɯÚÓÖ×Ìɯ

of the averaged representative stressɬstrain curve is 2.695 MPa. 

2.3. Finite Element Model 

A three-dimensional finite element model of the tensile test specimen was developed 

using Abaqus/Standard. The specimen geometry was created in SolidWorks and subse-

quently imported into Abaqus for numerical analysis. The geometry corresponded to the 

nomina l specimen dimensions used in the experimental tests. Figure 4 shows a specimen 

with partitioned domains and marked measurement area, boundary conditions, and finite 

element mesh. 

 

Figure 4. Finite element model of the tensile specimen, including reference points, boundary con-

dition definition and finite element mesh.  

Due to the near-incompressible nature of the material, hybrid solid elements 

(C3D8H) were employed to avoid volumetric locking and to ensure numerical stability of 

the numerical solution.  

2.4. Boundary Conditions and Loading 

The numerical tensile test was simulated under displacement-controlled loading con-

ditions. The lower end of the specimen was fully fixed using a partition. At the opposite 

end, axial displacement was prescribed using a kinematic coupling between the reference 

point and the upper partition, ensuring uniform axial deformation. To prevent rotation, 

the translations in the y and z axes on the upper partition were locked.  

The applied displacement was selected to correspond to the maximum strain ob-

served in the experimental tests. Reaction forces and axial displacements were recorded 

as history outputs from reference points and used to evaluate the global stressɬstrain re-

sponse of the numerical model. 

3. Results 

The numerical response of the silicone elastomer specimen obtained using the Ogden 

model is illustrated in Figure 5 in terms of von Mises stress distribution and axial displace-

ment at the final loading step. All models predict a similar global deformation mode, char-

acterized by uniform axial elongation of the gauge section and stress concentration in the 

reduced cross-sectional area of the specimen. 
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A quantitative comparison between the experimentally obtained averaged stressɬ

strain response and the numerical predictions is presented in Figure 6. Over the investi-

gated nominal strain range up to approximately 0.5, noticeable differences in the predic-

tive capability of the individual constitutive models can be observed.  

The finite element simulation was performed using the material parameters 

10 0.538C = MPa for the Neo-Hooke, 0.935im= MPa, 3.818ia=  for the Ogden model. 

For the Arruda Boyce model, the parameters 0.325m= MPa and 1.035ml = were adopted. 

 

(a)                           (b) 

Figure 5. Numerical results of the uniaxial tensile simulation of the silicone elastomer specimen 

obtained using the Ogden hyperelastic model. The deformed configuration is shown together with 

the contour plots of (a) von Mises stress distribution and (b) axial displacement Ὗat the final load-

ing step. 

 

Figure 6. Comparison of experimental averaged stressɬstrain curve and numerical simulation re-

sult. 
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The Neo-Hookean model provides a good agreement with the experimental response 

in the low to intermediate strain region, accurately capturing the initial stiffness and the 

overall quasi-linear trend of the tensile behaviour. This is reflected by a coefficient of de-

termination of 2 0.953R =  indicating that even a simplified hyperelastic formulation can 

adequately describe the global response within the considered deformation regime.  

Improved agreement over a broader strain range is obtained with the Ogden and 

ArrudaɬBoyce models, which yield significantly higher coefficients of determination  

( 2 0.999R =  and 2 0.997R = , respectively). The Ogden model most closely reproduces 

the curvature of the experimental stressɬstrain curve at higher strains, while the Arruda ɬ

Boyce formulation predicts a progressively stiffer response, leading to a slight overesti-

mation of tensile stress in the upper part of the investigated strain range. 

Overall, the comparison confirms that although all three hyperelastic models can re-

produce the general tensile behaviour of the silicone elastomer, the predictive accuracy is 

strongly influenced by the selected constitutive formulation and the strain range  of inter-

est. 

4. Discussion 

The presented results confirm that the experimentally observed tensile response of 

the investigated silicone elastomer exhibits a linear character over a considerable portion 

of the deformation range. This feature allows the material behaviour to be approx imated 

using simplified hyperelastic formulations when the analysis is restricted to moderate 

strains. 

Among the considered constitutive models, the Neo-Hookean formulation provides 

the simplest representation and enables straightforward parameter identification based 

ÖÕɯÛÏÌɯÌÍÍÌÊÛÐÝÌɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚȭɯ(ÛÚɯÎÖÖËɯÈÎÙÌÌÔÌÕÛɯÞÐÛÏɯÌß×ÌÙÐÔÌÕÛÈÓɯËÈÛÈɯÐÕɯÛÏÌɯÓÖÞɯ

to intermediate strain regime indicates that this  model is suitable for applications focused 

on global stiffness estimation and preliminary numerical analyses.  

More advanced hyperelastic models, such as the Ogden and ArrudaɬBoyce formula-

tions, introduce additional material parameters that allow the nonlinear stiffening behav-

iour at higher strains to be captured more accurately. This is reflected in the improved 

agreement of the Ogden model with experimental data over the full investigated strain 

range. However, this increased accuracy comes at the cost of higher model complexity 

and more demanding parameter calibration.  

The ArrudaɬBoyce model, which is physically motivated by polymer chain network 

mechanics, predicts a stronger stiffening response at large deformations. While this be-

haviour may be relevant for extreme strain applications, it leads to an overestimation of 

the tensile stress for the quasi-linear regime considered in this study.  

5. Conclusions 

This study presented a combined experimental and numerical investigation of the 

uniaxial tensile behaviour of a silicone elastomer. Experimental tensile tests conducted at 

a loading rate of 50 mm/min were processed to extract a representative quasi-linear stressɬ

strain response, which served as the basis for constitutive model calibration. 

Finite element simulations of the tensile test were performed using three hyperelastic 

material models: Neo-Hookean, Ogden, and ArrudaɬBoyce. A direct comparison between 

experimental data and numerical predictions demonstrated that all considered models ar e 

capable of reproducing the general tensile behaviour of the material within the investi-

gated strain range. 

The Neo-Hookean model provided a satisfactory approximation of the experimental 

response in the low to intermediate strain regime, capturing the effective tensile stiffness 

with minimal model complexity. The Ogden model showed improved agreement at 
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higher strains, while the Arruda ɬBoyce formulation predicted a stiffer response, leading 

to stress overestimation in the quasi-linear regime. 

Future work could aim to extend the present study by incorporating strain -rate-de-

pendent tensile data and compressive loading conditions. In addition, time -dependent 

experiments, such as stress relaxation tests, may be included to better describe the viscous 

contribution to the material response and to support the development of viscoelastic ma-

terial models. 
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Analysis of accuracy of additive technology models  
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Abstract:  Additive Manufacturing using Fused Deposition Modeling (FDM) technology is widely 

employed for its accessibility and cost-effectiveness, primarily in prototyping. A key challenge for 

its application in mechanical engineering remains the achievement of the required dimensional and 

geometric accuracy simultaneously with printing speed. The objective of this work is to quantify 

and analyze the dimensional deviations of cylindrical samples printed using the FDM method from 

PLA material. Experimental d ata were obtained by measuring the diameters, heights, and holes of 

a series of samples using a digital caliper, surface roughness gauge. The determined dimensional 

deviations indicate the influence of anisotropy and thermal processing of the material on t he final 

shape. The results provide valuable information for the calibration of 3D printers with the aim of 

improving the production accuracy of components with rotational symmetry.  The result of the ex-

perimental verification showed that the Bambu Lab prin ter is more susceptible to incorrect setting 

of printing parameters and to achieve higher accuracy it is necessary to adjust them. 

Keywords: additive manufacturing; FDM; dimensional accuracy  

 

1. Introduction  

Additive Manufacturing represents a substantial shift in the design and production 

process, with FDM technology being among the most widespread. FDM consists of layer-

ing molten thermoplastic material, which enables the creation of complex geometric 

shapes. Despite its advantages (speed, low cost, wide range of materials), the main chal-

lenge for full -scale industrial deployment is dimensional accuracy and repeatability [1, 2].  

 

The accuracy of components manufactured using FDM technology is influenced by 

numerous factors, including layer height, printing speed, nozzle temperature, build plate 

temperature, the type of drives and guides, and particularly material properties, espe-

cially material shrinkage during cooling. These factors lead to significant deviations from 

nominal dimensions, particularly in samples with circular and cylindrical geometries, 

where undesirable ellipticity or loss of roundness may manifest.  

 

For such samples, a decisive factor is also the quality of the 3D model format, which 

determines the degree of roundness, as well as the software settings that govern the ob-

ject's polygonization (Figure 1). This term denotes the phenomenon where a circle is not 

perfect but approaches the shape of a polygon, being formed by segments of short straight 

lines [3]. 
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Figure  1. Detail of polygonization effect . 

The aim of the presented study is to analyze the dimensional and geometric accuracy 

of a set of cylindrical samples manufactured using FDM technology from PLA material 

under defined printing conditions. The work will focus on quantifying the average abso-

lu te and relative error and on evaluating the influence of print orientation on the resulting 

dimensions. 

2. Materials and Methods  

To perform the dimensional accuracy analysis of the printed samples, it was neces-

sary to determine the input parameters  and select them in such a way that it would be 

possible to determine which printing settings are most suitable  for achieving the highest 

possible dimensional accuracy. 

 

2.1 Material selection for printing 

For the reason that PLA (Polylactic Acid) is the most commonly used material for 

general printing and the creation of simple prototypes, we have also selected this material 

for testing. The goal will be to determine whether this material is suitable for pr ecise print-

ing. We chose two different colours to printing to distinguish the samples. For the fila-

ÔÌÕÛÚɯÞÌɯÚÌÓÌÊÛÌËȮɯÛÏÌɯÙÌÊÖÔÔÌÕËÌËɯ×ÙÐÕÛÐÕÎɯÚÌÛÛÐÕÎÚɯÈÙÌɯÈɯÕÖááÓÌɯÛÌÔ×ÌÙÈÛÜÙÌɯÍÙÖÔɯƖƕƔȘɯ

ÛÖɯƖƘƔȘ"ɯÈÕËɯÈɯÉÜÐÓËɯ×ÓÈÛÌɯÛÌÔ×ÌÙÈÛÜÙÌɯÍÙÖÔɯƙƔȘ"ɯÛÖɯƚƔȘ"ȭɯɯ 

 

%ÖÙɯ×ÙÐÕÛÐÕÎȮɯÞÌɯÊÏÖÚÌɯÝÈÓÜÌÚɯÖÍɯƖƕƙȘ"ɯÍÖÙɯÛÏÌɯÕÖááÓÌɯÈÕËɯƙƙȘ"ɯÍÖÙɯÛÏÌɯÉÜÐÓËɯ×ÓÈÛÌȭ 

2.2 Additive printers selection 

For the purpose of the analysis, we selected two brands of 3D printers for printing 

the samples, whose printing capabilities we will compare.  

 

First chosen printer was PRUSA i3 MK3S with nozzle diameter 0,40 mm. 

 

Second chosen printer was Bambu Lab X1C with nozzle diameter 0,40 mm. 

2.3 Sample selection 

We designed samples of a circular shape for printing. We used two types of samples: 

one type was a classic cylinder with a diameter of 30 mm without a hole (Figure 2 a)), and 

the second type included a hole with a diameter of 12 mm running through the enti re part 

(Figure 2 b)). The part with the hole was designed because we want to verify whether the 

hole positively or negatively influences the shape stability during the cooling of the part.  

Thermoplastics expand when heated and contract as they cool. The geometry of a ring (a 
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circular part with a hole) creates unique thermal dynamics. As the outer layers cool, they 

shrink toward the center. However, the inner "perimeters" around the hole also shrink 

along their circumference. This often pulls the inner wall of the hole inward, resulting in 

a diameter that is significantly smaller than intended. This is particularly prevalent in 

high-shrinkage materials like ABS or Nylon . 

 

The reason for selecting circular samples was to verify the influence of polygoniza-

tion (Fig. 1) on the circular shape of the sample and to determine which printer, as well as 

which software slicer, achieves the lowest degree of circle segmentation. 

 

Figure  2. Design of samples: (a) 1st sample without hole;  (b) 2nd sample with hole . 

 

Figure  3. Printed samples. 

We printed together eight of samples (Tab. 1). Every sample has different printing 

parameters. 

Table 1. Amount of samples . 

Printer  Sample without hole  Sample with hole  

Prusa MK3S 2 2 

Bambu Lab X1C 2 2 
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2.4. Printing parameters 

Parts created in SolidWorks must be converted to the .stl format so that the slicer for 

3D printing can process them and subsequently generate the G-code that will control the 

printer. The accuracy of the .stl file generation is important, and therefore, we chose 2 

different settings. One was the standard setting that the software commonly offers, and 

the second was the highest quality achievable using custom settings. 

 

Than was necessary to chose layer height, speed of printing. Also was needed to rec-

ord temperature and humidity so thar we prevent deviations in these values from influ-

encing the overall result.  

Table 2. Printing parameters . 

Number  Printer  Layer Height  Temperature Humidity  
1 Prusa 0,15 mm ƖƘȮƝƔȘ" 34% 

2 Prusa 0,10 mm ƖƚȮƝƔȘ" 33% 

3 Bambu Lab 0,15 mm ƖƘȮƘƔȘ" 30% 

4 Bambu Lab 0,10 mm ƖƘȮƛƔȘ" 32% 

3. Results 

We obtained data through experimental measurement of samples which define the 

printing accuracy (Table 3, Table 4) and will help us in the correct selection of printing 

parameters for the optimal setup of print files.  

3.1. Priciples of measurement 

On the printed samples, we experimentally measured their length, surface rough-

ness, and diameter. We measured the diameter on each sample a total of four times.  

The method by which the diameters were measured involved selecting the upper and 

lower halves of the component for measurement purposes. In each half, we measured the 

ËÐÈÔÌÛÌÙɯÈÕËɯÛÏÌÕɯÙÖÛÈÛÌËɯÛÏÌɯÊÖÔ×ÖÕÌÕÛɯÉàɯƝƔȘɯÈÕËɯÔÌÈÚÜÙÌËɯÐÛɯÈÎÈÐÕɯÐÕɯÛÏÌɯÚÈÔÌɯÚÌÊɪ

tion.  This measurement provided us with an indication of whether the component has an 

approximately circular shape or if it significantly deviates.  

The length dimension was measured along the component's axis on a universal 

length measuring machine. 

The surface roughness was measured three times on each component, and subse-

quently, the mean value was calculated as the representative roughness value. 

 

3.1.1. Measuring devices 

1. Universal Length Measuring Instrument VEB Carl Zeiss Jena ɬ accuracy of measur-

ing is 0,0001 mm. Used for length of samples. 

2. Digital caliper Mitutoyo 0 -200 mm ɬ accuracy of measuring is 0,01 mm. Used for 

measuring a diameters of samples. 

3. Mitutoyo Surftest SJ410 ɬ ISO 1997 ɬ ÈÊÊÜÙÈÊàɯÖÍɯÔÌÈÚÜÙÐÕÎɯÐÚɯƜƔɯϟÔȭɯ4ÚÌËɯÍÖÙɯÔÌÈÚɪ

uring roughness. 
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3.2. Measured values 

Table 3. Measured values grey samples (Prusa printer). 

Grey sample  Length 

[mm]  

Uɲpper half 

[mm]  

Lɲower half 

[mm]  

Rough-

ness 

With hole 1  50.0930 
ƔȘɯɯɯɯɯƖƝȮƜƔ 

4. ƝƔȘɯɯɯɯƖƝȮƝƗ 

ƔȘɯɯɯɯɯƖƝȮƜƗ 

5. ƝƔȘɯɯɯɯƖƝȮƜƖ 
Ra 0,279 

Without 

hole 1 
50.0590 

ƔȘɯɯɯɯɯƖƝȮƜƖ 

6. ƝƔȘɯɯɯɯƖƝȮƜƘ 

ƔȘɯɯɯɯɯƖƝȮƜƚ 

7. ƝƔȘɯɯɯɯƖƝȮƜƝ 
Ra 0,366 

With hole 2  50.0950 
ƔȘɯɯɯɯɯƖƝȮƜƙ 

8. ƝƔȘɯɯɯɯƖƝȮƜƘ 

ƔȘɯɯɯɯɯƖƝȮƜƚɯ 

9. ƝƔȘɯɯɯɯƖƝȮƜƚ 
Ra 0,667 

Without 

hole 2 
50.0050 

ƔȘɯɯɯɯɯƖƝȮƜƙ 

10. ƝƔȘɯɯɯɯƖƝȮƛƙ 

ƔȘɯɯɯɯɯƖƝȮƛƖ 

11. ƝƔȘɯɯɯɯƖƝȮƜƕ 
Ra 0,317 

 

Table 4. Measured values black samples (Bambu lab printer). 

Black sam-

ple 

Length 

[mm]  

Uɲpper half 

[mm]  

Lɲower half 

[mm]  

Rough-

ness 

With hole 1  50.0235 
ƔȘɯɯɯɯɯƖƝȮƜƜ 

12. ƝƔȘɯɯɯɯƖƝȮƝƔ 

ƔȘɯɯɯɯɯ29,86 

13. ƝƔȘɯɯɯɯƖƝȮƜƘ 
Ra 0,381 

Without 

hole 1 
50.0010 

ƔȘɯɯɯɯɯƖƝȮƜƔ 

14. ƝƔȘɯɯɯɯƖƝȮƜƚ 

ƔȘɯɯɯɯɯƖƝȮƜƖ 

15. ƝƔȘɯɯɯɯƖƝȮƜƙ 
Ra 0,294 

With hole 2  49,9375 
ƔȘɯɯɯɯɯƖƝȮƝƘ 

16. ƝƔȘɯɯɯɯƖƝȮƝƙ 

ƔȘɯɯɯɯɯƖƝȮƝƙ 

17. ƝƔȘɯɯɯɯƖƝȮƝƛ 
Ra 0,847 

Without 

hole 2 
49,9920 

ƔȘɯɯɯɯɯƖƝȮƝƕ 

18. ƝƔȘɯɯɯɯƖƝȮƝƙ 

ƔȘɯɯɯɯɯ29,94 

19. ƝƔȘɯɯɯɯƗƔȮƔƔ 
Ra 0,379 

4. Discussion 

After evaluating the results, we gained insight that for not every type of printer will 

it be beneficial to exchange overall printing time for accuracy by changing certain param-

eters, because the result will be practically the same. 

4.1. Accuracy of Prusa printer 

The measured data (Table 3.) show that for the Prusa printer, it is not necessary to 

reduce the printing speed or the layer height to achieve higher print accuracy, as these 

changes were not reflected in the final quality.  

The height of the component was nearly constant for every sample, and the compo-

nent's diameter also did not change significantly. However, the diameter never reached 

the specified 30 mm and was consistently smaller than this dimension by one to two tenths 

of a millimetre.  

The quality of the print file (.stl) also did not significantly affect either the diameter 

or the roughness of the sample. 

Further quality improvement is likely constrained by the printer's mechanical design 

and accuracy, not by software settings. 

4.2. Accuracy of Bambu Lab printer 

With this printer, we already see the influence of higher print file quality and a 

smaller layer height.  

At a larger layer height, the accuracy when measuring the diameter was consistent 

with the accuracy of the previous printer. However, when the quality of the .stl file was 

increased and the layer height was reduced, a noticeable difference in print accuracy oc-

curred, such that an exact diameter of 30.00 mm was achieved on one sample (Table 4.). 
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In other cases, the deviation from the nominal dimension ranged in hundredths of a 

millimeter and never exceeded one tenth of a millimeter. Better surface roughness of the 

component was not achieved; for this parameter, software adjustments had no influenc e. 

Regarding the component height, a larger deviation from the nominal length can be 

observed in the sample with a hole [4], which may indicate the influence of the hole on 

the overall height. However, on a solid area, the deviation was only in thousandths of a 

millimeter.  

We can conclude that with this type of setting and a printer that does not fall into the 

category of industrial printers, it is possible to print highly accurate components for pro-

totyping.  
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Analysis of the Hopper Shape in the Extruder Feeding Section  
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Abstract: The geometric configuration of the hoppers feeding section plays a crucial role in deter-

mining the flow efficiency of granular polymer composites in extrusion processes. This analysis 

focuses on the discharge behavior of polybutylene succinate (PBS) reinforced with carbon nanotubes 

(CNTs), and evaluates how inlet geometry influences material throughput. Two hopper designs 

with identical global dimensions but differing inlet shapes (oval and rectangular with a rounded 

edge) were examined through Di screte Element Method (DEM) simulations and validated by ex-

perimental measurements using three pellet sizes. Results consistently showed that smaller particles 

discharge faster and that the rectangular inlet achieved higher throughput and shorter discharge  

times under identical conditions. The flow remained stable across all configurations with no signs 

of clogging, highlighting the role of geometrical optimization in enhancing mass flow. The data used 

in this evaluation originate from work conducted within  the framework of the PROMATAI project, 

which investigated processing performance under varying material and design parameters. These 

findings underscore the significance of simulation based design in developing efficient feeding sys-

tems for biodegradable polymer composites and provide a foundation for further applied research 

in extrusion technology.  

Keywords: Polybutylene Succinate, Carbon Nanotubes, Hopper Design, Discrete Element Method  

 

1. Introduction  

Biodegradable polymers have become a key focus in materials engineering due to the 

environmental persistence of conventional plastics. Polybutylene succinate (PBS) is one of 

the most widely studied candidates because it combines mechanical strength, thermal sta-

bility, and full biodegradability. Its properties can b e further improved through nanoscale 

reinforcement with carbon nanotubes (CNTs), which are among the most effective addi-

tives. Even low CNT loadings significantly modify the crystallinity and structural behav-

ior of PBS resulting in enhanced mechanical and thermal performance. CNT reinforced 

PBS composites therefore represent a promising class of materials for applications that 

require improved functional properties. [1] Since the processing behaviour of PBS/CNT 

composites strongly depends on the efficiency of granular feeding, an appropriate hopper 

design becomes essential for ensuring stable throughput during extrusion.  

The flow behaviour of granular materials in hoppers is of great interest to many in-

dustries that involve the handling of bulk materials. The scale of hoppers varies from mil-

lilitres to thousands of litres depending on the desired hopper capacity, and the h andled 

materials may range from cohesive particles to free flow particles. [2] Although most hop-

pers are simple in geometric configurations, the discharge flow dynamics can be compli-

cated due to the influence of various factors related to the geometry of the hopper and the 
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characteristics of the flow media. Hopper design is critical because inappropriate design 

can result in poor operation performance and even equipment or functionality issues. [3] 

Since the flow characteristics of the granular material is of vital importanc e for the opera-

tional stability and structural integrity of these units, a deeper knowledge and under-

standing of the mechanical behavior within a hopper is necessary for the best possible 

design and operation. Nevertheless, a general approach for designing a hopper is not 

available. [4] 

Particle discharge is one of the key physical processes governing the macroscopic 

flow behavior in hoppers. Factors affecting the discharge rate include hopper geometry 

and particle properties such as friction coefficient, shape, and size. [5] The Discrete Ele-

ment Method (DEM) simulates the movement of granular materials by calculating the 

motion of individual particles based on Newton's second law, considering only contact 

interactions between neighboring particles. The resulting linear and rotational moti ons 

are determined by the summation of forces and moments acting at each contact. [6] Recent 

DEM studies have shown that particle flow behavior is strongly influenced by local arch-

ing, stress redistribution, and contact force chains within the granular ass embly. These 

works demonstrate that DEM can accurately capture microstructural mechanisms, ena-

bling detailed predictions of discharge rates and flow patterns across different hopper 

configurations. Furthermore, small variations in particle or wall properti es can signifi-

cantly affect clogging probability and mass flow discharge. [7] Predicting granular flow, 

however, remains challenging due to the strong coupling between particle ɬparticle and 

particleɬwall interactions. The discharge behavior is highly sensi tive to parameters such 

as friction, particle shape, and surface roughness, as well as to local stress conditions. Even 

small changes in these factors can lead to marked differences in flow regimes, stress prop-

agation, and overall discharge behavior. [8] To ensure the credibility of the numerical 

findings the simulated discharge behavior must be verified through controlled experi-

mental measurements allowing a direct assessment of the agreement between modeled 

and real systems. Therefore, the objective of this study is to analyse how two hopper inlet 

geometries affect the discharge rate and flow stability of PBS/CNT pellets. The evaluation 

combines DEM simulations with experimental validation to identify geometric features 

that enhance feeding efficiency in extrusion processes. 

2. Materials and Methods  

2.1. Material Definitions for Hopper Feeding Analysis 

Materials used in this study included the PBS/CNT composite prepared for testing, 

which served as the base material for evaluating the different hopper geometries. The pol-

ymer matrix consisted of polybutylene succinate (PBS) supplied by PTT MCC Biochem 

Company Limited (Bangkok, Thailand) under the trade name BioPBSɚ FZ91PM. The 

nanofiller consisted of multi walled carbon nanotubes (CNT) supplied by Nanografi Nan-

otechnology (Ankara, Turkey) under the product code NG01IM0101 used at a concentra-

tion of 0.5 wt%. Higher CNT loadings were not considered as they typically increase melt 

viscosity and promote agglomeration, which complicates processing and reduces the 

functional performance of the composite. The PBS/CNT composite was prepared by melt 

compounding usinÎɯÈɯÊÖÙÖÛÈÛÐÕÎɯÛÞÐÕÚÊÙÌÞɯÌßÛÙÜËÌÙɯ!32*ɯƖƔɤƘƔ#ɯȹ!ĹÏÓÌÙȮɯ&ÌÙÔÈÕàȺȭɯ

The extruded composite material was pelletized using a TS-40 pelletizer to produce pellets 

ÖÍɯƖǺƗɯÔÔȮɯƗǺƗɯÔÔȮɯÈÕËɯƙǺƗɯÔÔȭɯ3ÏÌɯÔÌÈÚÜÙÌËɯ/!2ɤ"-3ɯ×ÈÙÈÔÌÛÌÙÚɯÈÙÌɯÙÌ×ÖÙÛÌËɯÐÕɯ

Table 1. These pellet sizes were subsequently used in the DEM simulations and in the 

experimental measurements. 
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Table 1. Mechanical properties of PBS/CNT 0.5 wt % material. 

Properties  Value  

Density [g/cm 3]  1.27 

,ÌÓÛÐÕÎɯ/ÖÐÕÛɯȻȘ"ȼ 114 

Tensile Modulus [MPa]  575 ɬ 620 

Stress at Break [MPa] 30 ɬ 32 

Strain at Break [%] 125 ɬ 208 

Surface Tension [mN/m]  52 

 

2.2. Geometry of the Hopper Feeding Section 

Both CAD designed hopper variants were developed with identical global dimen-

sions to enable a controlled comparison of their flow performance. Each hopper has a total 

height of 450 mm, an inlet width equal to the screw diameter of 45 mm and a wall incli-

ÕÈÛÐÖÕɯÈÕÎÓÌɯÖÍɯƛƔȘȭɯ*ÌÌ×ÐÕÎɯÛÏÌÚÌɯÎÌÖÔÌÛÙÐÊɯ×ÈÙÈÔÌÛÌÙÚɯÊÖÕÚÛÈÕÛɯÌÕÚÜÙÌÚɯÛÏÈÛɯÈÕàɯËÐÍÍÌÙɪ

ences observed in the material discharge behaviour can be attributed solely to the geom-

etry of the feeding opening.  

The variants differ exclusively in the shape of the inlet region, which defines the local 

geometry of the hopper walls. In the first design, shown in Figure 1a, the feeding opening 

has an oval profile with a length of 67.5 mm, corresponding to 1.5 times the inlet width, 

ÈÕËɯÈÕɯÌÍÍÌÊÛÐÝÌɯÈÙÌÈɯÖÍɯƗƔƘƚɯÔÔƴȭɯ(ÕɯÛÏÌɯÚÌÊÖÕËɯËÌÚÐÎÕȮɯÐÓÓÜÚÛÙÈÛÌËɯÐÕɯ%ÐÎÜÙÌɯƕÉȮɯÛÏÌɯÖ×ÌÕɪ

ing is rectangular with one rounded shorter edge. The opening length remains identical 

ÈÛɯƚƛȭƙɯÔÔȮɯÞÏÐÓÌɯÛÏÌɯÛÖÛÈÓɯÈÙÌÈɯÐÚɯÓÈÙÎÌÙȮɯÙÌÈÊÏÐÕÎɯƗƗƙƙɯÔÔƴȭɯThese two geometries were 

selected to examine how the cross sectional shape of the feeding opening influences the 

overall discharge characteristics under otherwise identical hopper conditions.  

 

 

 

 

(a) (b) 

Figure 1. Top view CAD models of the two hopper variants ( a) hopper with an oval shape, (b) hopper with a rectangular 

shape featuring one rounded shorter edge. 

2.3. Discrete Element Method Simulation of Hopper Geometries 

For each hopper variant three separate simulations were performed differing in the 

ÙÈËÐÜÚɯÖÍɯÛÏÌɯÚ×ÏÌÙÐÊÈÓɯ×ÈÙÛÐÊÓÌÚɯÙƽɯǻɯƔȭƔƔƖƘƕƘɯÔȮɯÙƾɯǻɯƔȭƔƔƕƛƕƛɯÔȮɯÈÕËɯÙƿɯǻɯƔȭƔƔƕƗƕƕɯÔȭɯ3ÏÌÚÌɯ

ÝÈÓÜÌÚɯËÖɯÕÖÛɯÙÌ×ÙÌÚÌÕÛɯÛÏÌɯÈÊÛÜÈÓɯËÐÔÌÕÚÐÖÕÚɯÖÍɯÛÏÌɯ×ÌÓÓÌÛÚɯȹƙǺƗɯÔÔȮɯƗǺƗɯÔÔȮɯÈÕËɯƖǺƗɯ

mm), but their spherical equivalents. Since the DEM model operates with spherical parti-

cles it was necessary to transform the irregular shape of the pellets into a spherical form 

with a comparable volume. This approximation ensured the numerical st ability of the 

model and enabled consistent comparison of the individual variants. The geometry of the 
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hoppers was divided into three parts: the filling plane through which the hopper was 

filled (the upper inlet), the hopper body, and the measuring plane, which closed the ge-

ometry during filling to prevent free particle discharge. At the moment the simulati on 

was started the measuring plane served as a detection plane determining the number of 

discharged particles and the time required to empty the entire hopper volume. The re-

maining parameters used in the simulation are presented in Table 2. 

Table 2. Parameters used in the DEM simulation  

Parameter Value  

/ÖÐÚÚÖÕɺÚɯÙÈÛÐÖ 0.46 

Rolling friction coefficient  0.8 

Coefficient of restitution  0.5 

Filling time [s]  4 

Input mass rate [kg/s] 4 

Gravity [ m·s-2] 9.81 

Iteration step [s]  10-5 

In the first hopper variant with an oval inlet, the filling with pellets lasted 4 s. After 

the hopper was filled, the ×ÈÙÛÐÊÓÌɯÌßÐÛɯ×ÏÈÚÌɯÉÌÎÈÕȮɯÞÏÐÊÏɯÍÖÙɯÈÓÓɯ×ÈÙÛÐÊÓÌɯÚÐáÌÚɯÙƽȮɯÙƾȮɯÈÕËɯ

ÙƿɯÓÈÚÛÌËɯÉÌÛÞÌÌÕɯƘɯÈÕËɯƛȭƛƙɯÚȭɯ ÍÛÌÙɯÈɯÚÏÖÙÛɯÐÕÐÛÐÈÓɯÍÓÜÊÛÜÈÛÐÖÕȮɯÛÏÌɯÍÓÖÞɯÚÛÈÉÐÓÐáÌËɯÈÕËɯ

remained practically constant until the hopper was completely emptied. The particles 

with the larÎÌÚÛɯÙÈËÐÜÚɯÙƽɯÙÌØÜÐÙÌËɯÛÏÌɯÔÖÚÛɯÛÐÔÌɯÛÖɯÌÔ×ÛàɯÛÏÌɯÌÕÛÐÙÌɯÏÖ××ÌÙɯÝÖÓÜÔÌɯ

through the measuring plane namely 3.75 s with a total of 53 875 particles passing through 

ÛÏÌɯÔÌÈÚÜÙÐÕÎɯ×ÓÈÕÌȭɯ%ÖÙɯ×ÈÙÛÐÊÓÌÚɯÞÐÛÏɯÙÈËÐÜÚɯÙƾɯÛÏÌɯÌßÐÛɯÛÐÔÌɯÞÈÚɯƗȭƙƔɯÚɯÈÕËɯÛÏÌɯÕÜÔÉÌÙɯ

of particles was 149 717. The hopper volume was emptied the fastest by the particles with 

ÙÈËÐÜÚɯÙƿȮɯÐÕɯƗȭƗƙɯÚȮɯÞÐÛÏɯÈɯÛÖÛÈÓɯÖÍɯƗƗƚɯƗƘƜɯ×ÈÙÛÐÊÓÌÚȭɯ%ÐÎÜÙÌɯƖɯ×ÙÖÝÐËÌÚɯÈɯÎÙÈ×ÏÐÊÈÓɯÙÌ×ÙÌɪ

sentation of the discharge behavior for the hopper with an oval inlet, showin g both the 

number particle count passing measuring plane and the particle flow rate for all three 

pellet radii.  

 

  

(a) (b) 

Figure 2. Particle discharge characteristics (a) Total number of particles passing through the measuring plane for the hop-

per with oval inlet, ( b) Number of particle rate for the hopper with a oval inlet . 

For the second hopper configuration, the inlet was rectangular with one rounded 

shorter edge, the initial filling of the hopper volume proceeded similarly to the first vari-

ant however the geometry allowed more particles to be inserted into the hopper. The in-

terval for emptying the hopper volume ranged from 4 to 7.5 s, which was the time re-

ØÜÐÙÌËɯÛÖɯÌÔ×ÛàɯƘɯÒÎɯÖÍɯÔÈÛÌÙÐÈÓȭɯ%ÖÙɯ×ÈÙÛÐÊÓÌÚɯÞÐÛÏɯÙÈËÐÜÚɯÙƽɯÛÏÌɯÌßÐÛɯÛÐÔÌɯÞÈÚɯƗȭƙƔɯÚɯÈÕËɯ

the number of particles passing through the measuring plane was 53 924. The exit time 

ÍÖÙɯƕƘƝɯƚƙƗɯ×ÈÙÛÐÊÓÌÚɯÞÐÛÏɯÙÈËÐÜÚɯÙƾɯÞÈÚɯƗȭƖƔɯÚȭɯ ÚɯÐÕɯÛÏÌɯÍÐÙÚÛɯÝÈÙÐÈÕÛȮɯÛÏÌɯÚÔÈÓÓÌÚÛɯ×ÈÙÛÐÊÓÌÚɯ
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ÞÐÛÏɯÙÈËÐÜÚɯÙƿɯÙÌØÜÐÙÌËɯÛÏÌɯÚÏÖÙÛÌÚÛɯÛÐÔÌɯÛÖɯÌßÐÛɯÛÏÌɯÏÖ××ÌÙȮɯÕÈÔÌÓàɯƗȭƔƙɯÚȮɯÈÕËɯÛÏÌɯÕÜÔÉÌÙɯ

of particles leaving the hopper volume was 336 015. Figure 3 illustrates the discharge be-

haviour for the hopper with a rectangular inlet with one rounded shorter ed ge, again 

showing the number particle count passing measuring plane and the particle flow rate.  

 

  

(a) (b) 

Figure 3. Particle discharge characteristics (a) Total number of particles passing through the measuring plane for the hop-

per with a rectangular shape featuring one rounded shorter edge, (b) Number of particle rate for the hopper with a rec-

tangular shape featuring one rounded shorter edge. 

A comparison of the two simulated variants shows that the dominant factor influ-

encing the emptying process is the particle size, as also reflected in Table 3, which clearly 

illustrates the progressively shorter discharge times for smaller radii. Smaller ra dii con-

sistently led to a faster exit from the hopper volume and a higher number of particles 

passing through the measuring plane. The difference between the geometries manifested 

mainly in the amount of material that could be inserted into the hopper. The  second ge-

ometry allowed for a larger number of particles to be loaded, while still maintaining a 

stable flow behaviour for all examined radii.  

Table 3. Exit time for two inlet geometries at three pellet sizes [s] . 

Inlet geometry  Exit time at r 1 Exit time at r 2 Exit time at r 3 

Oval inlet  3.75 3.50 3.35 

Rectangular inlet (rounded edge) 3.50 3.20 3.05 

 

2.4. Experimental Comparison of Hopper Geometries 

For the purposes of the experiment, it was necessary to print prototype hoppers, 

which were manufactured on a Fortus 400mc 3D printer. Due to the limited size of the 

printing area, it was necessary to change the original hopper height from 450 mm to 350 

mm. After printing the individual models, it was necessary to adjust the internal surfaces 

ÖÍɯÛÏÌɯÏÖ××ÌÙÚɯÉàɯÚÈÕËÐÕÎɯÛÖɯÌÕÚÜÙÌɯÐËÌÕÛÐÊÈÓɯÚÜÙÍÈÊÌɯÙÖÜÎÏÕÌÚÚɯȹ1ÈɯǽɯƔȭƖɯϟÔȺɯÍÖÙɯÉÖÛÏɯ

variants. Subsequently, a supporting structure was produced onto which the individual 

hoppers were mounted in order to minimize measurement deviation during the experi-

ments. The opening and closing of the hopper were carried out using a pneumatic piston, 

which ensured a reproducible opening and closing speed throughout all tests.  The 

ÛÏÙÖÜÎÏ×ÜÛɯÖÍɯÉÖÛÏɯÏÖ××ÌÙɯÝÈÙÐÈÕÛÚɯÞÈÚɯÔÌÈÚÜÙÌËɯÍÖÙɯÈÓÓɯÛÌÚÛÌËɯ×ÌÓÓÌÛɯÚÐáÌÚɯȹƖǺƗɯÔÔȮɯƗǺƗɯ

ÔÔȮɯÈÕËɯƙǺƗɯÔÔȺȭɯ%ÖÙɯÌÈÊÏɯÊÖÔÉÐÕÈÛÐÖÕȮɯÛÏÌɯÌß×ÌÙÐÔÌÕÛɯÞÈÚɯÙÌ×ÌÈÛÌËɯƕƔɯÛÐÔÌÚȮɯÙÌÚÜÓÛÐÕÎɯ

in a total of 60 measurements. The measurements were conducted in the laboratory of the 

(ÕÚÛÐÛÜÛÌɯÖÍɯ/ÖÓàÔÌÙÐÊɯ,ÈÛÌÙÐÈÓÚɯȹ(ÕÚÛàÛÜÛɯ,ÈÛÌÙÐÈėĞÞɯ/ÖÓÐÔÌÙÖÞàÊÏȮɯ/ÖÓÈÕËȺȭ 

The results of the experiment presented in Table 4 show that the hopper with the 

rectangular inlet featuring a rounded shorter edge achieves higher throughput than the 

ÏÖ××ÌÙɯÞÐÛÏɯÛÏÌɯÖÝÈÓɯÐÕÓÌÛȮɯÈÕËɯÛÏÐÚɯÈ××ÓÐÌÚɯÛÖɯÈÓÓɯÛÌÚÛÌËɯ×ÌÓÓÌÛɯÚÐáÌÚȭɯ%ÖÙɯÛÏÌɯƖǺƗɯÔÔɯpellets, 
















































































































































































































































































































































































































































































